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ABSTRACT 


The reaction of sulfur atoms have been examined with 
cyclopentene, cyclohexene and perfluorocyclobutene. Rai eion of 
sulfur atoms to the double bond and statistical insertion of 
sip) atoms into alkenylic C-H bonds was observed for the hydro- 
carbons, resulting in formation of the corresponding episulfides 
and mercaptans respectively. Vinylic mercaptans are formed in only 
small quantities. Perfluorination results in a decreased reactivity, 
however, a short-lived cyclo-C,F, episulfide was formed in the 
reaction of sulfur atoms with perfluorocyclobutene. 

Insertion of s(1p) atoms into the methyl groups of tri- 
methylethylene and tetramethylethylene have been observed. Com- 
parison of the data with that available for other methylated 
ethylenes suggests that the reactivity of s(1p) atoms towards the 
w-bond is unaffected by the amount of alkyl substitution on the 
double bond. 

Sulfur atoms react with vinyl chloride to yield epi- 
sulfide (ca. 85%) and 2-chlorovinyl mercaptan (ca. 15%). Con- 
siderable polymerisation also occurs. Vinyl chloride is 1.4 times 
more reactive than ethylene towards 5 (?P) atom addition, result- 
ing from a lower activation energy for the addition process in 


the case of vinyl chloride. 
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The reaction of s(1p) atoms with cis and trans-1,2- 
dichloroethenes results in a sulfur atom initiated polymerisa- 
tion of the olefin. Reaction of s (PP) atoms results in episul- 
fide formation resulting from stereospecific addition of S(3P) 
atoms to the double bond. 

s(1p) atoms insert into C-H bonds of alkyl chlorides 
resulting in formation of hot chloro mercaptans, which decompose 
by HCl elimination. No insertion into C-Cl bonds was observed. 

Possible transition complexes for sulfur atom reactions 
are discussed. Insertion into alkenylic C-H bonds appears to 
occur by direct insertion via a three-centered transition complex 
while vinylic mercaptans probably arise from rearrangement of 
hot singlet biradicals. Electrophilic addition of s(°P) atoms 
to olefins suggests formation of a charge-transfer complex in the 
transition state, but, steric hindrance suggests that reactivity 
is probably with a particular carbon center rather than with the 
double bond as a whole. 

The reactions of shi rer atoms with a series of acety- 
lenes have been observed. From these studies it was concluded 
that the major reaction is a sulfur atom initiated polymerisation 
of the alkyne. Small yields of the thiophenes and benzenes were 
also observed. Flash photolysis-kinetic mass ee tech- 
niques indicate the presence of initial sulfur atom acetylene 
adducts. It was concluded that unstable thiacyclopropenes and/ 


or thioketenes are reaction intermediates in these systems. 
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Reaction of sulfur atoms with perfluorobutyne-2 yielded mainly 


perfluorotetramethyl thiophene (ca. 50% of the sulfur atoms 


consumed). No insertion products were observed with the acety- 


lenes. 
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CHAPTER I 


INTRODUCTION 

"Free radicals are complexes of abnormal valency which 
possess additive properties, but do not carry an electrical charge 
and are not free ions." This early definition of a free radical, 
by Wieland in 1915 (1), was one of the first attempts to define 
the components that make up a molecule; components which were 
recognized, although not identified, as early as the beginning of 
the nineteenth century. 

The great interest in free radicals, siiown in the early 
part of the twentieth century, was largely due to Gomberg's dis- 
covery of trivalent carbon in the form of the triphenylmethyl 
radical (2). Molecular weight determinations and chemical reactivity 
of the product of the reaction of triphenylmethyl bromide with silver 
suggested that hexaphenyl ethane was not a stable compound but that 
it existed in equilibrium with its dissociation product the tri- 
phenylmethyl radical. 

It was not until 1929, however, that Paneth and Hofeditz (3), 
with their famous mirror technique, supplied the first direct 
evidence for the formation of alkyl radicals. Thermal decomposition 
of tetramethyl lead in a flow system was found to result in metallic 
lead deposition in the reaction zone while farther down stream a 
lead mirror, previously deposited, was observed to be removed 
resulting in regeneration of tetramethyl lead. Paneth and Hofeditz 
concluded that methyl radicals, formed thermally, were capable of 


reacting with metallic lead producing the starting material again. 
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Since these early experiments new techniques for producing 
and identifying free radicals have been developed. Free radicals 
may be formed in any of a large bebe of ways. These include 
(a) pyrolysis, (b) bombardment by. high energy particles, (c) ir- 
radiation in the ultra-violet or higher energy region of the 
spectrum, (d) reaction of metals with halogen compounds, (e) neu- 
tralism of ions by electrode reactions and (f) oxidation-reduction 
reactions (eg. Fett + H,0, + Fettt + HoT + HO-). 

The number of methods of radical detection are just as 
varied and include (a) mirror techniques, (b) spectroscopy 
(absorption and emmission), (c) electron spin resonance, 

(d) calorimetry, (e) mass spectrometry, (f) magnetic susceptibility 
measurements, and (g) chemical and low Peeee sete, feescins methods. 

A monoradical is a species containing one unpaired electron 
and of all the radical species known mono-radicals have received by 
far the most attention. With only one unpaired electron a mono-radical 
has only one type of multiplicity, the doublet state. Also the’ 
majority of these species have been studied in their ground doublet 
state. The reactions of these radicals have been reviewed many 
times and probably most thoroughly by Steacie (4). The reactivity 
of mono-radicals is generally characterized by the following types 
of chemical reactions (a) abstraction, (b) recombination, 

(c) disproportionation, (d) isomerization and (e) decomposition. 

A radical having two unpaired electrons on the same atom, 

unlike a mono-radical, can exhibit two types of multiplicity; it can 


be either a triplet or a singlet. Generally, although not always, the 
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triplet state is the ground state while for the same electronic con- 
figuration the Pauli principle allows two excited singlet states. 
Early investigators believed that these biradicals exhibited reactiv- 
ities similar to mono-radicals (4). The last decade, however, has 


shown that species such as CH,, 0, NH, S, Se, C atoms and substituted 


>? 
carbenes show reactivity that is characterized by the electronic state 
(multiplicity) of the biradical. For this reason mainly, the term 
biradical has been abandoned in favor of triplet and singlet states. 
The chemistry of the above species will be reviewed and it will 


become convincingly clear that their chemistry is indeed that of 


spin state reactions. 


Methylene Chemistry 


The chemistry of carbenes, divalent carbon species, has 
received an enormous amount of attention in the last decade and the 
subject is well reviewed in a recent book (5). The simplest carbene, 
methylene, has itself been the center of much work and is the subject 
of many good review articles (5, 6, 7). Only its salient features 
will be given here. 

The most common sources of methylene are the photolysis and 
sensitization of diazomethane and ketene (8, 9). 

The spin state of ground state methylene was unknown until 
1959 when Herzberg (10, 11), after 17 years work, obtained spectra 
of both the lowest singlet and triplet states. Observations showed 
that since the singlet decays to the triplet, the latter must have 


the lower energy content. As would be expected, from spin conservation 
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considerations, Herzberg and.Shoosmith (10) observed that photolysis 
of diazomethane produced methylene in its first excited singlet 
state.. No experimental measure of the energy difference between the 
ground and first excited state is available although it is thought 
to be small. 

The insertion of CH, into C-H bonds was first reported’ by 
Meerwein, Rathjen and Werner (12), who observed all the products 
expected from insertion into the C-H bonds of ethers. In 1956 
Doering, Buttery, Laughlin and Chaudhuri (13) reported that methylene 
inserts indiscriminately into the C-H bonds of n-pentane and 
2,3-dimethylbutane. Richardson et al (14) studied the reaction of 


CH, with C C.,.and G 


ea: 9 
thus indicating that methylene reacts in the first excited singlet 


alkanes and reported totally random reaction, 


state. Although réactions of methylene in the liquid phase exhibited 
a random behavior, reactions in the gas phase were found to be some- 
what selective, the reactivity showing an apparent increase for 
secondary and tertiary bonds. Frey and Kistiakowsky (15) found 

the reactivity for secondary C-H bonds over primary to be 1.7 and 
increased with mane inert gas. aieharabon et al (14) suggested 

that the selectivity was due to triplet methylene, resulting from the 
decay of the originally formed singlet, and that the initial inter- 
action was H-atom abstraction followed by radical recombination. 
Gaspar and Hammond (16) suggested that the increased selectivity 
might be due to removal of the excess energy of the methylene and 
would not necessarily involve the triplet state. Frey (17), using 


0, to remove products formed by radical coupling, calculated that, in 


2 


the gas phase, 22% of the reaction proceeds by H-atom abstraction. 
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Whether the increase in discrimination is due .to triplet or thermalized 
singlet or. both, it.is generally agreed that.singlet methylene inserts 
into C-H bonds while triplet. undergoes. an. abstraction reaction. 

The three-centered transition. complex.for the insertion reaction 


NS 
—¢ — H, proposed earlier, has recently been abandoned 
Sipe 
of 
zy 
by DeMore and Benson (7) in favor of ai new reaction path: 
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H 
Attack by methylene on a hydrogen atom heads to an intermediate which 

is equivalent to the recombination complex for radicals CH. and ae 

Such a mechanism would require that these reactions depend only on 

energetics and are not influenced by the spin state of the carbene. 

Methylene has been reported to react with olefins by insertion:.into 
alkyl and vinylic C-H bonds and by addition across the double bond. Photo- 
lysis of diazomethane in liquid cyclohexene produced the following. pro- 
ducts: mnorcarane 40%, 3-methylcyclohexene 25%, 4-methylcyclohexene 25% and 
l-methylcyclohexene 10% (18), indicating nearly indiscriminate attack:on 
the C-H bonds. Addition to the double bond of olefins results in formation 
of hot cyclopropanes which, if not stabilized, undergo isomerization or 
decomposition. 

Skell and Woodworth (19) suggested that the chemical char- 
acteristics of singlet and triplet methylene were different. They 
reasoned that singlet methyléne would add to the double bond in a 
spin allowed single concerted step thus retaining geometric configuration 
of the reactant molecule. Conversely, they argued that triplet 
addition would require initial formation of a triplet biradical which, due to 


rapid rotation of the intermediate, would destroy the original config- 
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uration. Much data has since been compiled, most of which is not in 
disagreement with these original ideas. Photolysis of diazomethane 
with either cis or trans-2-butene in both liquid and gas phase has 
resulted generally in retention of configuration (20, 21). Addition 
of inert gases (22, 23, 24) or production of cae by mercury photo- 
sensitization of diazomethane (25) (thought to produce triplet 
methylene) resulted in loss of configuration. Benson and DeMore (7) 
suggest that both singlet and triplet methylene addition to the 
double bond results in formation of an intermediate biradical and 
kinetic parameters involving rotation vs. ring closure are respons- 
ible for configuration of the products. Gaspar and Hammond (16) 
disagree, arguing that stereospecific addition demands simultaneous 
formation of two bonds (ie. singlet additon), while conversely, non- 
stereospecific addition cannot be taken as proof that the attacking 
species is a triplet. It would appear now, in light of recent work 
with sulfur atoms, that configurational analysis alone is insuf- 
ficient to determine the spin state of the reacting species (26). 

Reactions of methylene with the triple bond have received 
little attention. Sakai and Shida (111) observed that the reaction 
of methylene with acetylene, in the gas phase, gave methyl acetylene 
and allene in a constant ratio of 1.5 + 0.3. The products were 
thought to arise from isomerization of a hot cyclopropene intermediate. 
No cyclypropene was found as a product, probably due to the high 
exothermicity of the reaction and the instability of the cyclic 
product. 

Jacox and Milligan (65) found allene as the only photolysis 


product of dilute solid solutions of CH2N, + CoH, in argon at 4 K. No 
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cyclopropene was formed under these conditions. 


Carbon Atoms 

Skell and Engel have observed the reactions of carbon atoms 
in their three low lying states; lise 1h and ground 3p(27, 205-29, 30). 
Carbon vapor, generated by a carbon arc, deposited in paraffin hydro- 
carbon matrices shows no dimunution of C, or C, content after remaining 
at -196°C for several hours. By chemical means, from product 
analysis, Skell and Engel calculated the half-life of the two metastable 
states, in the matrix at -196°C, to be 2 seconds for ccts) and 15 
seconds for ccip). Reactants could be deposited in the cell simul- 
taneously with deposition of carbon vapor or at any time after. 
This time-delay technique enabled elucidation of the reactivities 
of the three carbon species. 

The reaction of carbon atoms with isobutane yielded 
1,1-dimethylcyclopropane and 2-methylbutane as the major products. 
The initial reaction is postulated to be an insertion into either 
primary or tertiary C-H bond followed by intramolecular insertion 


or H-atom abstraction by the intermediate carbene: 
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The time-delay technique determined that all the products resulted 
from reactions of the t state of carbon. Studies where only 1y 
and 3p atoms were present resulted in no products. 

Triplet ground state carbon atoms react with cis and trans- 
2-butene forming spiropentanes as the only products. Isomeric 
distribution of products indicate that ring formation by the stereo- 
specific mode precedes ring formation by non-stereospecific mode. 


A:C:1 + —S + ™! + \=/ + Ze ae 


stereospecific 
non-stereospecific 


¥ Y 
497 512% 


1 
Carbon atoms in the D state react with cis-2-butene to give the 


substituted spiropentane by two stereospecific additions: 


C74, + \ee/ > USSte aan Loo 


only product 
MacKay and Wolfgang (31) employed a very different technique 
for producing carbon atoms with the result that their observations 
are considerably different from those of Skell and Engel. A pulsed 
12 


beam of 120 Mev C’” ions, provided by a heavy ion accelerator, was 


focused on a target consisting of gold and platinum foils, which 


wai 
strip a neutron from the ci2 ions, converting them to C.. The 
newly formed cit ion retains most of its original kinetic energy 
11 


and enters the reaction vessel through a brass foil. The C™ ion 
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must be cooled to below 100 ev before. it.can react chemically as 

a neutral atom; the resonance rule predicts.that the atom will be in 
3 

a low-lying electronic state, probably the ground P state. 


The major product in the reaction of cit 


atoms with alkanes 
is acetylene. The initial interaction is.described as an insertion 
into a C-H bond followed by decomposition of the hot carbene 
intermediate: 


H H 7 
R-G-H4 Co +R-¢- Ch n+ nce LHR +R. ; 
R ° 


Cyclopropane yields twice as much acetylene as any other hydrocarbon; 


we 
Hach, rtigy 

ees eee NCE CH. +CH = CH. 

H,C’- ‘CH, 2 


Decomposition of the hot carbene is particularily favored in this 
case since stable products can be formed by simple electronic 
rearrangement with little nuclear motion. 

Reactions of fee atoms with alkenes results in 1—bond 
addition as well as C-H bond insertion. The cyclopropylidene 
intermediates rearrange to yield allenes. 

Addition of inert gas moderators decreased the yield of 
acetylene and reactions in the liquid phase further reduced this 
product; acetylene must therefore arise from decomposition of hot 
intermediates. The reaction of thermal carbon atoms with ethylene in 
rare gas matrices (32) resulted in a low yield of acetylene, although 
not complete elimination of this product, but unlike Skell's results 
did not produce any spiropentane. 


Although the results of Skell and Wolfgang approach each 
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other, under similar conditions of low temperature solid phase 
reactions of thermal carbon atoms, considerable differences still 

exist. These differences can be resolved only if it is assumed that 
reactions of recoil carbon atoms, even in the solid at low. temperatures, 
produce hot reaction intermediates which contain more excess energy 
than those produced by the reaction of carbon atoms in paraffin 
matrices at -196° C. 


A second major constituent of carbon vapor is C,, dicarbene. 


3° 
Skell and Wescott (33), using a previously described time-delay 
technique, observed that C.> deposited on.a hydrocarbon matrix at 


-196° C, reacts with olefins to produce bisethanoallenes as the 


only products. No insertion into C-H bonds occurs. 


Nae Noy 

‘ te 

sCaCaC: +..2.olefin: .>...| k=CaC | 
| C Nc: 
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Analysis of the spectrum of C, (34) and theoretical cal- 
culations (35) indicate that dicarbene is singlet in the ground 
state. Results with cis and trans-2-butene are consistent with 


singlet dicarbene: 


4):;C=C=C:1b + ao C=C=C:{h + Vo > Lo 


{C=C=Ci4, + =  Peececsth + = + Lon + On 


Isomeric product distribution shows that dicarbene adds to the 
double bond in two stereospecific steps. When the olefin and c, 
were deposited on the hydrocarbon matrix simultaneously a fourth 
product was formed with both cis and trans-2-butene. Geometry of 
this product indicated that the reaction path consisted of one 


stereospecific and one non-stereospecific step. Skell and Wescott 
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concluded that C,, in a triplet metastable state, is produced in 


32 


the carbon arc by electron bombardment of C They argued that 


3" 
excess vibrational energy in the initially: formed dicarbene would 
be lost rapidly and non-stereospecific addition is due to triplet C, 
rather than isomerization of the initial hot adduct. Simultaneous 
deposition of carbon vapor and olefin could, however, result in 
reaction in the gas phase before the reactants. reached the. hydrocarbon 
matrix, thus eliminating matrix stabilization. 

Bayes (36, 37, 38) photolyzed carbon suboxide in the 
presence of ethylene, methane and cyclopropane and observed products 
similar to those found in carbon atom reactions. Allene and 


methylacetylene were formed in the C0 -ethylene system suggesting 


2 
insertion of a carbon atom into C=C and C-H bonds. Energetically, 
however, formation of a carbon atom from photolysis of c,0, at 


2537 A is impossible; the reacting species is therefore probably 


:CCO,. 
c,0, + hv(2537 A) > CO + C0 
Co 
C ee 
es as oa 
2C,0 + CH, = CH, > H,C CH, > H,C CH, + CO 
H.C = = CH 
2s 
CO 
:C_0 + CH = CH -+H- é Ot ee Cs A ee CCH CH CO 
2 2 2 2 2 


| 


H,C = C = CH, + HC = C - CH (major) 
Photolysis of C30, with methane yielded ethylene but no acetylene 
(36), further suggesting that carbon atoms are not the reactive 


species. 
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Mullen and Wolf (39) photolysed Carbon-2-c!4-suboxide in 
ethylene and observed the isotopic distribution in the allene to be 
92% cl4 in the central carbon position. Allene is therefore formed 
mainly by addition of Cj0 to the double bond and not by insertion into 
the C-H bond followed by isomerisation. 

Acetylene and ethylene are found as products of the photoly- 
sis of carbon suboxide with methane at 1470 A(40), whereas photolysis 
at 2537 A results only in ethylene (36). Stief and DeCarlo (40) 
conc lude that while :Cj70 is the reactive species at 2537 A, carbon 
atoms are produced in the vacuum u.v. region. Energetically ccp) 
atoms could be formed from the 1470:A (E = 195 kcal/mole) photolysis 
of C305. Secondary photolysis of ethylene has been eliminated as the 
source of acetylene in the short-wavelength region (40, 41). 

Skell and Harris (112) have recently investigated the reactions 
of carbon atoms with chlorinated hydrocarbons. The reaction of carbon 
atoms with carbon tetrachloride yielded two products, tetrachloroethylene 


and octochloropropane. 


:Cl: + Cly - CC13-C-Cl ° 
fod Ne Cl 
| 
C12¢ = CCl, C13C-C-CC1, 
| 
Cl 


They postulated the initial reaction to be insertion into a carbon- 
chlorine bond forming trichloromethylchlorocarbene as the intermediate. 
This intermediate can either stabilize by chlorine rearrangement, 
producing tetrachloroethylene, or can insert into the carbon-chlorine 


bond of a second carbon tetrachloride molecule, producing octachloro- 
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propane. Reaction occurs from ls and |p states of atomic carbon but 
not from the 3p ground state. 

The reaction of carbon atoms with t-butyl chloride produces 
l-chloro-2, 2-dimethylcyclopropane as the major product. This is 
postulated as an initial insertion into the PiEbones ieddeta bond 
forming t-butylchlorocarbene as the intermediate, followed by intra- 
molecular insertion into a f-carbon-hydrogen bond. 2-chloro-3-methyl- 
butene-2 is produced as a minor product; this could result from a 
methyl shift. 

Oxygen Atoms 

Early investigations of the reactions of oxygen atoms did 
not specify the electronic state of the atom, but simply referred to 
these systems as QO-atom reactions. 

Harteck and Kopsch (42), using an electrical discharge in 
oxygen, studied the reactions of oxygen atoms with a variety of com- 
pounds including some paraffins. The initial interaction was suggested 
to be a hydrogen abstraction: 

Of Mp wikh Ligss of OHveletgth Ri () 
This was probably true in this case since O-atoms produced by electrical 
discharge in oxygen are probably formed in their ground 3p electronic state. 

Noyes and co-workers (43, 44) observed the reactions of 0(1p) 
atoms with ethane, producing the o(1p) atoms by the photolysis of nitrous 
oxide. Many of the observations were explained by proposing an initial 


hydrogen abstraction: 


op) + CoHe - OH a CoHs (2) 
Ethyl alcohol was found to be a major product, but since its yield, 


in the presence of an atom scavanger, iodine, was zero it was suggested 
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that it was not formed by a direct reaction between oxygen atoms and 
ethane. The results favored the recombination of hydroxy and ethyl 
radicals. The production of ethylene decreased in the presence of iodine 
but failed to reach zero, the value expected if it originated from the 
disproportionation of ethyl radicals. A reaction, involving no alkyl 


radicals, was introduced to account for the residual ethylene: 


OCD) + Coleg >»  Ho0 + CoH, (3) 
Secondary reactions were found to be very important in this system 
and indeed hindered the elucidation of the primary reactions. 

In a more recent study, Wright (45) has investigated the 
reactions of 0(°P) atoms with isobutane. The oxygen atoms were produced 
by the NO titration of N atoms described by Kaufman and Kelso (46). 

The reaction is believed to give ground state oxygen atoms by the 


reaction: 


NO + N -—- WN, + 0(7P) (4) 
Triplet oxygen atoms were also produced, in static systems, by the 
photolysis of NOj with light of wavelength greater than 2450 A (47) 
and by the mercury-photosensitized decomposition of nitrous oxide 
described by Cvetanovic (48). Both systems are known to give oxygen 


atoms in their ground electronic state by the following reactions: 
NO. + hv(a> 2450 a) >) NO + 0(3P) (5) 


No0 + Hg6(7P)) > Np + 0(3P) + Hg6(4s,) (6) 
The main products and their distributions, using the latter two sources 
of oxygen atoms, were essentially the same as found in the titration 


technique. This was taken as added evidence that oxygen atoms generated 
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by the reaction of N atoms with NO, are indeed in their ground elec- 
tronic state. The ratio tert-BuOH/acetone was found to be 0.2 which 
is 100 times smaller than that expected if tert»butoxy radicals had 
been the common precursor to the two products. The product ratio was 
also found to be independent of total pressure, indicating that hot 
tert-butoxy radicals were not responsible for the large yield of 
acetone. Hydrogen abstraction by the oxygen atom appeared to play only 
a minor role and product formation was thought to arise by a more 
direct manner involving the simultaneous replacement by an oxygen atom 


of two groups on the parent hydrocarbon. 


(CH4) CH + O(7P) —  (CH3)9CO + CH3 +H (or CHy) (7) 
> (CH3) 9CHCHO + 2H (or Hy) (8) 
+  ‘CH3CHO + 2 CH3 (or CoH) (9) 

In a later study, employing the mercury-photosensitised 
decomposition of nitrous oxide, Woods et al (49), have shown that in 
the reaction of 0(3p) atoms with isobutane the primary step is indeed 
hydrogen atom abstraction by the oxygen atom. Product analysis indicates 
that abstraction of the tertiary hydrogen is preferred. 

Yamazaki and Cvetanovic (50), generating oxygen atoms by the 
photolysis of nitrous oxide, have provided the most illuminating study 
of oxygen atoms to date. Three major processes have been elucidated in 
the reactions of o(1p) and 0(>P) atoms with propane: (a) random inser- 
tion of o(+p) atoms into C-H bonds, (b) abstraction of hydrogen by 
0(?P) atoms, and (c) pressure dependent fragmentation of the initially 
produced hot insertion products. The reaction of o(4p) atoms closely 


parallels the insertion reactions known for s(1p) (51) and cu, (+A,) C7)3 
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N90 + ho > Ny + 0()p) (10) 
1 3 
0( D) + M > O(7P) + M (11) 
iL she A * 
O(°D) + CyHg > n-C,HJOH* + iso- C,H,0H (12) 
n-C3H70H™ — fragmentation (13). 
+M + n-C3H70H + M (14) 
iso-C3H,0H" + fragmentation (15) 
+M ~ iso-C3H70H + M (16) 
0(7P) + CsHg > OH + = n-C3Hy (17) 
> OH +  iso-C3H7 (18) 


When gases capable of deactivating the excited oxygen atoms ate added, 
the insertion and fragmentation decrease and the secondary hydrogen atoms 
are preferentially abstracted. From the increased discrimination in 
hydrogen abstrations, the following relative rates for the electronic 
deactivation of the excited singlet oxygen atoms by different gases 
have been obtained: Xe 0.47, No 0.15, Kr 0.05 and He and SF¢ close to 
zero. 

The reactions of oxygen atoms with olefins have been studied 
by two independent groups of workers; Avramenko and Kolesnikova (52) 
and Cvetanovic (53). Avramenko and Kolesnikova used the electrical 
discharge through molecular oxygen and water vapor to generate oxygen 
atoms. From their studies they drew the following conclusions: (a) 
an oxygen atom is capable of breaking the carbon-carbon double bond 
with formation of an aldehyde, (b) during the rupture of the double 


bond the larger aldehyde is preferentially formed and (c) insertion into 
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C-H bonds at both saturated and unsaturated carbons takes place. They 
observed not only primary products but secondary products and also 
products arising from the participation of two oxygen atoms. The low 
pressures used and the high concentration of oxygen atoms in the system 
necessarily add complications and limitations to this experimental 
technique. This probably accounts for the large differences observed 
by Cvetanovic for the reactions of oxygen atoms with olefins. 
Cvetanovic and co-workers have thoroughly studied the reactions 
of 0(°P) atoms with olefins and their investigations have recently been 
reviewed (53). Photochemical methods have been used almost exclusively 
for the generation of oxygen atoms, the most commonly used source being 
the mercury-photo sensitized decomposition of nitrous oxide. The spin 
conservation rule requires that the oxygen atom be formed in the ground 


electronic state; 


NO + Hg6("P,) BON, +e OCR Hg6("S.,) (6) 


2 2 


The spin rule also requires that the reaction of 0(9P) with an olefin 
results in an initially formed triplet biradical. The following reac- 


tions have been postulated to account for the observations: 


* 
“deer thea o(7P) = > Secale (19) 
Rs820 Spray Rie LR, 
* * 
Rye Sovh YR RR 
C-C “ C-C (20) 
te Ry ae M AY; 


_+» Pressure independent 
fragmentation (21) 


> (Carbonyl compounds) ™ (22) 
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* 
Ry R3 Ry 83 
\ cs 
C-C + M > C-C (23) 
2g WAN ha a \ hor, 
2 4 
> Pressure dependent 
fragmentation (24) 
(Carbonyl compounds) * at (Carbonyl compounds) (25) 
> Pressure dependent 
fragmentation (26) 


The following additional features were observed in these reactions: 

(1) Addition of 0(7P) to the double bond is non-stereo- 
specific. This is evident from the fact that starting with either 
cis or trans-2-butene both cis and trans-2-butene oxide were formed. 

(2) The oxygen atom adds to the least substituted carbon 
atom. 

(3) Internal rearrangements of the initial biradicals occur 
producing aldehydes and ketones. 
Photolysis of NO), in the region 4047-2537 A, exhibited all the features 
of the olefin reactions with oxygen atoms produced by the NyO technique. 
The photolysis of NO, at 2288 A, in the presence of butene-1, resulted 
in an increased yield of epoxide relative to n-butyraldehyde. Increas- 
ing amounts of No, however, decreased the epoxide yield to the same value 
found in the No0 system. Since photolysis of NOo at 2288 A generates 
oc tp) atoms, this observation was taken to suggest that o¢ 1p) atoms 
react with the double bond to form the epoxide in one step, i.e., by the 
simultaneous formation of the two carbon-oxygen bonds. This one step 
addition, therefore, must require stereospecific addition of o(1p) to 
the double bond. Attempts to verify this using cis and trans-2-butene 


were not conclusive due to the large reactivity of 6-butene oxides with NO, . 
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The relative rates of addition of 0(3P) atoms to a series of 
olefins (53) have definitely established triplet oxygen atoms as 
electrophilic reagents (Table I). The relative preexponential factors 
were found to be constant within experimental error indicating the 
differences in reactivity are due mainly to differences in activation 
energies. 

Haller and Pimentel (54) report that photolysis of N50 at 
1470 A in the presence of acetylene in an inert matrix at 20K resulted 
in the formation of ketene. They suggested that the ketene is formed 
by the addition of 0(7P) to the acetylene followed by rearrangement 


of the adduct. 


Se Atoms 
Recently Callear and Tyerman (55, 56) have reported the 
reactions of atomic selenium with olefins. Atomic selenium was pro- 
duced by the isothermal flash photolysis of carbon diselenide which 


was shown to proceed by two paths: 


CSey + hd + Se" + Se (Pg 49) (1) 
> cSey (2) 

Approximately 20% of the CSe5 dissociates and the remainder 
is excited to metastable states (57). Initially the Se atoms are 
electronically hot, but they are rapidly deactivated by N, to their 
equilibrium distribution among the 3p states. 

After the flash, atomic selenium persists for ca. 10°* sec., 
its spectrum is then replaced by that of Sey. If olefins are added 


to the system the Se spectrum disappears more rapidly, no Sey is observed, 


and new band systems corresponding to a new product appear. Identical 


el 


a8 amods megyxo dutiadias bedatidsses 2 ehesiniae 


2103981 aieniieeaitadiaiaie sviaaies edt =. (I sideT) ssnegess 3 go" x: 2 : 
5 : 
aris guttasiea torte [stnemtysaqxe aidaiw ns Yanoo ad 0 


notjavijon ak asonexsitib o1 yintsm sub sis yibvisopers nt eeones 
i ate 

, hi 

im Oo to abeylosodg Juis Jroqex (At) Istnomtd _— ref Lat nel 7 


betivaet NOS 38 xiwiam ssent a6 rk SEE. to somenetq ‘ond at ete Ne. 


bearo2 al ‘antad od? der? betaoggue yadt .gneted to F ene ae 


-Y 


tnemegaeriss: yd bewollot eaelyi9os ond ot cae )0 20 rotsitbe ot a2 


rl Biss 4. i: 


we are 


eas bed 109s" oved (02 .22) nsmroyT bps sasiind ¢isnessh : 
_ enw avinesl sa ohmots ‘enctelo Asiw mifinolss olpois to bes : 2 
dotdw sbinslseth nodiso to eiayloiorig denlt Iemredjoet ots 


redveq ows xd baaso%g ot é : ‘e 


() got) oe + “eo =. 7 Lae Pn 
Free *en0 Fass nu ae eee 
yebniame: ed3 bre 902645088tb. g389 ond to sos Manne 
oun smoon 92 oft yilettinl (82) nosese ordsinaniiie a 
tisd3 04 of vd basevisoseb vibiqss ate yodt dud ted te " 
ates: ¢ ada irom. oi sud | 
<:o08 OL a2 x0} edpinaag autaaloe ot: inal? a 
bobbs 910 aatialo a st be de gor no wl 
hermit a ii Be _ 
feohanebl . 16 s 4 noqaert0> To : 
say romans lt 3 


. 
pou te 
a eres 


= 


Me a | 


20 


TABLE I 


RELATIVE RATES OF ADDITION OF s(>P) , 0(7P) and Se (3P) 


ATOMS TO OLEFINS 


Olefin 0(3p) Se(3p)> s(3p)° 
ethylene 1.00 1.00 1.00 
propylene Tie 2.6 6.9 
trans-butene-2 28.3 56 20 
cis-butene-2 23.8 23.9 16 
1-butene 3.45 Lek 10 
isobutylene 15.0 44.7 50 
pentene-1 - 50 10 
2-methyl-butene-1 ~ - 56 
cyclopentene 29.8 - 18 


a) ref, (53) 
b). ref. (55) 


Cy. ref, (77) 
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bands appear when carbon oxyselenide (COSe) is flash photolysed in the 
presence of olefins. In this case the spin conservation rule requires 


that the selenium atom be produced in the singlet state: 
cose. +. hp = flastC@hotolk se(‘D) (3) 


These new bands have been assigned to cyclic selenides formed 


from the reaction of selenium atoms with olefins: 


S aah Cemmeiy : a 
e = : —-> - 
— x tN aN 
Se 


(4) 


Relative rate constants for the reaction of atomic selenium 
with olefins have been determined by monitoring the intensities of the 
ethylene selenide spectra produced after photolysis of a CSe,-ethylene- 
olefin bixtine The results, given in Table I, show the trend in 
reactivity is similar to that found for 0(3P) and s(>P) atoms. They 
concluded Se (7P) is also an electrophilic reagent. Temperature studies 
have shown that the Arrhenius preexponential factors are constant with- 
in experimental error and that changes in reactivity are due solely to 
changes in activation energies. 

Unlike epoxides and episulfides, the cyclic selenides were 
found to be unstable compounds. Ethylene selenide, for example, 
completely disappears after ca. 100 seconds. 

NH Radicals 

Although the simplest member of the imidogens, the NH radical, 
has been known for many years, the reactivity of the NH radical is still 
in doubt. 

Hydrogen azide (HN ,) and isocyanic acid (HNCO) are the most 


common sources of imidogen. The photolysis and mercury-photosensitized 
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decomposition of hydrogen azide have been studied by Beckman and co- 
workers (58, 59) who showed that the decomposition had a quantum yield 
of about 3. Thrush (60) observed the Aor e Ys absorption band 

of triplet ground state NH in the flash photolysis of HN... He proposed 


the following mehanism for the photolysis of hydrogen azide: 


HN3 + hd > NH = No (1) 
NH + HN., > NHy + Ny (2) 
NH + HN3 » NH, + Ny (3) 
2 N3 > 3 No (4) 


The spin conservation rule requires that NH be formed initially in an 
excited singlet state. Two low lying singlet states exist for NH, 


ae having energies of 27 and 55 kcal./mole respectively 


aN and 
above the 3 ground state (61). 

The NH radical is isoelectronic with CH, , 0, S, Se etc., 
and would be expected to undergo insertion and addition reactions. 

Miller (62) radia the reaction of the NH radical in the gas 
phase at room temperature with a number of paraffins. There was signi- 
ficant attack of the NH on hydrocarbons larger than Cy to produce amines. 
No reaction mechanism was concluded although C-H insertion was sug~ 
gested. 

Brash and Back (63), using HNCO, observed the reactions of 
NH radicals with paraffins and suggested the following sequence of 
reactions to account for the results: 

HNCO + = hd > NH 0) ie GO (5) 

NH +  HNCO > NH, + NCO (6) 


NH» +i ¢HNCO Si 3 NH + NCO (7) 
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2 NCO > No + 2 CO (8) 
NH + RH > RNH, (9) 
RNH > RNH + H (10) 
> R + NH, (11) 

NH + eR + R + NH (12) 


No amines or other nitrogenous compounds were detected and the mechanism 
suggested involves the decomposition of short lived vibrationally ex- 
cited amines formed by insertion of NH radicals into C-H bonds. 

Addition of a hydrocarbon decreased the CO yield to R°(cO) /3, 
where R° (CO) is the yield of CO formation in the absence of any hydro- 
carbon. This would indicate that all the NH radicals formed in reaction 
5 were completely scavenged. The main product formed in the HNCO-propane 
system was 2, 3- dimethylbutane from the recombination of isopropyl 
radicals, 

Cornell et al (64), using the technique of kinetic flash 
photolysis, have recently shown that the reaction of NH with ethylene, 
in the gas phase, results in the formation of HCN, CH,, CH3CN, Hy and 
an unidentified solid. Absorption spectroscopy showed that the photolysis 
of HN3 resulted in the production of ground state NH e > ) radicals 
exclusively; no nat, ) or other singlet species could be detected. 

The products are explained in terms of the reaction of NH(? 77) radicals 


with ethylene. 


3 Se 
NHCP) + CQHy HG — CH (13) 
Ne 
‘ 
H 
a _ + 
N26 CHy Cia CH; —> HCN CH, (14) 


H " — CH,CN+ Hy (15) 
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The ethylimidogen intermediate is supported by the photolysis of 
ethyl azide which gave the same products as the HN,-CoH, System. The 
total cyanide yield represents 10% of the HN3 consumed, the major 
reaction being formation of a solid. No ethylene imine was detected. 
A rough estimate of the rate constant for the bimolecular addition 
of NH(? 327) to CoH, is 10" 1/mole-sec. 

Jacox and Milligan (65) obtained ethylene imine as the only 
product from the photolysis of HN3 + CoH, in argon at 4° K. Evidence 
also suggests the production of ketenimine by the analogous reaction 


of NH with CoH. 
NH + CoH» > CH, = C = NH (16) 


Sulfur Atoms 

The photolysis of carbonyl sulfide provides a clean source 
of sulfur atoms and recently the reactions of sulfur atoms have been 
studied by Gunning and co-workers (66). The U. V. spectrum of COS 
consists of a banded spectrum between 2600 A and 2000 A with a maxi- 
mum at 2235 A. From the integrated absorption coefficients Sidhu 
et al (67) calculated the lifetime of the upper state to be 107? sec. 
and from semi-empirical M.O. calculations they indicate the first 
excited state of COS corresponds to a vw —-n transition. 


Recent studies have employed three different light sources 
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for the photolysis of COS and in each case the energy of the initially- 


formed sulfur atom has been well defined. Taking the heat of forma- 
tion of ground state sulfur as 66.0 kcal./mole (68) and AH, (COS) = 
~33.8 kcal./mole (69) the bond energy D(OC=S) = 72.4 kcal./mole. The 


first excited singlet state of the S atom is 26.4 kcal./mole above 
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the ground state (76), thus the spin allowed dissociation 

cos + hd ~ co + s(n) (1) 
requires a photon having a minimum energy of 72.4 + 26.4 = 98.8 
kcal./mole corresponding to a wavelength of 2895 A. Assuming equi- 
partition of excess energy between the CO and the S atom, the three 
light sources generate sulfur atoms having varying translational 
energies, The energy required to produce a sulfur atom in the next 
highest singlet state would require 72.4 + 63.4 = 135.8 kcal./mole 
corresponding to a wavelength of 2105 A. 


The mechanism proposed for COS photolysis is: 


cos + hd, »* co “+ scp) (1) 
sp) + COS’ + * CO C#48S5 (2) 
s(ip) + cos -» cos* + s(3P) (3) 
s(3p) + COS >» CO + Sy (4) 
2 S(°P) + M > 8S + M (5) 


COS is efficient in bringing about electronic relaxation of s(4p) to 
the ground state (70). Reaction 5 is essentially zero since the CO 
formation is reduced to R°(CO)/2 upon addition of a substrate which 
will completely scavenge the initially produced sulfur atoms (71). The 
observed quantum yield of 1.80 is lower than the expected value of 2.0 (67) 
but since the observed quantum yield is independent of pressure this 
effect suggests an inefficiency in the photolytic dissociation which 
may arise from radiative or non-radiative transitions to the ground 
state, 

The photolysis of COS-paraffin mixtures has resulted in 


the following observations: 
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(a). The major products of the reactions are the corres- 
ponding mercaptans. No HS or other hydrocarbons were formed, the 
only exception being methane where decomposition of the initially- 
formed mercaptan occurred to a large extent. The exothermicities of 
the S atom reactions are approximately 85 kcal/mole and, with the 
exception of methane, the vibrational degrees of freedom are suf- 
ficient to stabilize the initially-formed hot mercaptans. Product 


analysis of the methane reaction indicates the following reactions: 


CH, + s(lp) >  cH,SH* (6) 
CH3SH. + M >  CH3SH + M (7) 
CH4SH > CHS ile (8) 
H are” CH, oS Hy + CH, (9) 
2 CHS > CH3SSCH., (10) 
Caisse to CHa > CHSCH3 (11) 
CH35 + CH3 » CH,S +7 Ch, (12) 


The ratio CH,SH/ > CHS = 0.67 was independent of total pressure up 
to 1450 torr indicating that one third of the hot methyl mercaptan 
underwent pressure-independent fragmentation. 

The exothermicity of the reaction of sulfur atoms with 
cyclopropane was insufficient to bring about rearrangement of the 
initially-formed hot product as cyclopropyl mercaptan was the only 
product formed. 

In view of the product formation, a direct insertion of the 
sulfur atom into the C-H bond of the paraffin has been proposed as the 
reaction path: 


SoH +) S(*D) > SC——H = «SC-S-H (13) 
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(b) The rate of reaction of the sulfur atoms with C-H 
bonds does not depend on the type of bond, as is generally observed 
in abstraction reactions, but shows equal preference for primary, 
secondary and tertiary C-H bonds. With propane and isobutane, the 
isomeric distribution of mercaptans, n-PrSH/i-PrSH = 2.85 + 0.05 
and i-BuSH/t-BuSH = 8.8 + 0.1, demonstrates the indiscriminate attack 
on C-H bonds (72). This parallels the reactions of singlet methylene 
as first observed by Doering et al (13). 

(c) When carbonyl sulfide is photolysed in the presence 
of a paraffin the rate of CO formation decreases as the pressure of 
the paraffin increases but fails to reach a value R°(CO)/2, where 
R°(CO) is the rate of CO formation in the absence of paraffin. ‘In- 
stead, it approaches a constant value somewhat larger than this indi- 
cating incomplete scavenging of the initially formed sulfur atoms. 
The addition of a large excess of co, reduces the mercaptan yield to 
zero (72). Since co, is inert towards sulfur atoms it acts only in 
efficiently bringing about electronic relaxation of the s(1p) atoms 
to the s(3p) ground state. This indicates that (3p) atoms do not 
react with paraffins and that the s(+p) atom alone is responsible 
for insertion into C-H bonds. The fact that, in the COS-paraffin 
system, the rate of CO remains above R° (CO) /2 indicates that deacti- 
vation of the scp) atom occurs. It has been suggested that this effect 


may also arise due to the spin-forbidden dissociation of COS (73): 


cos + hd foe co +  s(°P) (14) 
From the rate of mercaptan formation this process could occur to the 


maximum extent of 26%. 
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On the basis of the results, the following mechanism was 


proposed for the reaction of sulfur atoms with paraffinic hydrocarbons: 


cos + hd alesse ees C0) (1) 
s(‘p) + RH — RSH (15) 

oe A S(2B) Me BH (16) 
s(ip)  +_cos — CO hen 33 (17) 
s(3P) + cos —> co + So (18) 
2s(7P) + M > 5S, ani (19) 


A steady-state treatment of the reaction mechanism yields the follow- 
ing expression for the rate of mercaptan formation: 


R(CO) | P(RH) = ki7 P(COS) 4 kis + kjg P(RH) 


2 R(RSH) ki5 k17 


(20) 


The equation yields straight lines when the data for various paraffins 
are plotted. The intercepts and slopes are the same for all paraffins 
studied giving the values of k,7/k,,5 = 2.0 and k16/ky5 = 0.70. The 
above results were obtained with a filtered medium pressure mercury arc 
(d eff. = 2490 A). Results obtained with a Cd resonance lamp (j) eff. 
= 2288 A) are kj7/k 15 = 2.2 and kj6/k 15 = 0.3 (73). Although the ratio 
of abstraction to insertion is independent of wavelength, the ratio of 
deactivation to insertion shows a marked decrease. This was attributed 
to excess translational energy of the sulfur atom produced by the photo- 
lysis of COS at 2288 A. 

Cyclic episulfides, alkenyl mercaptans and vinylic mercaptans 
are products of the reaction of sulfur atoms with olefins. The value of 
R(CO) -R° (CO) /2 approaches zero within experimental error, indicating 


the complete scavenging of sulfur atoms by the olefin. Product yields 
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in terms of R°(CO)-R(CO), in low conversion runs, indicated quantitative 
reaction of sulfur atoms. Addition of a large excess of co, suppressed 
the mercaptan yield showing that s(+p) atoms alone are precursors to 
mercaptan formation. Ground state triplet sulfur atoms react with 
olefins to produce only episulfides. Alkenyl mercaptans result from 
insertion into C-H bonds, however, vinylic mercaptans are suggested to 
arise from isomeration of sulfur atom addition precursors (26), as in- 
dicated by the decrease in vinylic mercaptan formation with increasing 
molecular complexity of the olefin. The ratio, R(M)/R(ES), varies from 
0.4 to 1.0 depending on the olefin, generally showing an increase with 
increasing alkyl substitution on the double bond. Ethylene is an 
exception, exhibiting the largest ratio of ca. 1.0. 

Ethylene yields ethylene episulfide and vinyl mercaptan, from 
the photolysis of COS at 2490 A, in the ratio R(M)/R(ES) = 0.95. The 
high pressure distribution for propylene yields 70% propylene episulfide, 
15% allyl mercaptan and 15% methylvinyl mercaptan. Cis and trans-2- 
butene produced only traces of vinylic mercaptans. 

The ratio R(M)/R(ES) was found to increase when COS was photo- 
lysed at 2288 A, and as in the paraffin case this was attributed to the 
excess translational energy of the sulfur atom. 


The following mechanism accounts for the general observations: 


cos + nh + co + s(n) (1) 
s(ip) + cos > CO + S$» (2) 
s(4p) +: olefin = episulfide (21a) 
-3 alkenyl mercaptan (21b) 
~ vinylic mercaptan (21c) 
+ SCP) + olefin (22) 
s(3p) + olefin - episulfide (23) 
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Steady-state treatment of the reaction steps gave the expression: 


¢ Gi Aor Bi ky . P(O1) (24) 
[2(co)-ne¢co) 2 Reverie Kp F RO(CO) 72 PCOS) 


where ko) = ka1a + kaip + kaic: 


The ratio ko1/ko> however, was found to be pressure dependent, first 
decreasing to a minimum and then increasing, with increasing olefin 
pressure. This effect was thought to be due partly to an additional 


s(>P) forming step: 
cos + s(ip) -—+ cos +. s(3p) (3) 


Addition of this step in the steady-state treatment yielded the new 


expression: 
eter) ee ee 3 P(Gly Seon ne? (25) 
R(CO) -R°(CO) /2 Ky P (COS) kp 


The ratio (ky, + ky5)/ky was also found to be pressure dependent. 
21 te ie ae 


Reaction 2lc was proposed to give vinylic mercaptans by the 


isomerization of a hot intermediate biradical: 


| Rie A Runat?e} 

s(ip) + ‘cc a C-C (26) 
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Ground state triplet sulfur atoms are found to react, as 


electrophilic reagents, the rate of addition of (3p) atoms to olefins 


30 


OF J ; ; i Pn oa 


hehe al Ps 


moiaesigne "7 es a ip gd 


* hy 7” 


A ‘ ; , ' . & 


aris 
mene % ast + wit 


gext? . jaabnogeb o1uses7q od ar ale sow pene) vetlagt 8 ane on 
A ne a 


ni¥elo gntasszoni djtw ,.gstesezont aad, bae mutate * we vt enone 
Isnolatbbs as 03 yli718q sub ad of ) sniguor asw ‘39029 elit srvenetg 
a bs a : 


. i : om mimat of 
: vs th, : “ s 
; +) Gare 
y . oa ee 
(€) “s)@ + 8200 a ya #: BOQ nee 
‘ : 7 a é ; | 


aoe 


van s{9 bebleiy anessnevs osaderybuatceds at gese skds Yo. mnisiM 


(2S) sl tisl ore 
gil a at 


ho i 
nee ae 


hae o1varerq od 02 + aed ‘oatn oan gat * 19 0 i: 183 oT 
bi . yi 


# : : 
y te ¢ 4 4 = : “ 7 
x Pi 


edd yd ene3qe270m obiyaiv sia im mie etal bad sotsonan 


(as) 


31 


increases with increasing alkyl substitution on the double bond. Table I 


compares the results: of s(>P) atoms with those of 0(7P) and Se(>P). 


Unlike cH, (=: ) and (Pp), triplet sulfur atoms add stereo- 
specifically to double bonds, retaining the original configuration of 
the olefin. With cis and trans-2-butene (26) the episulfide retains 
the geometrical configuration of the parent olefin ( »87 and ) 98% 
respectively) not only with singlet, as might be expected, but also 


with triplet-state sulfur as well. 


Objectives and scope of the present investigation 


The reactions of sulfur atoms have been observed with Co, 

C3 and C,-olefins and have shown insertion of s(1p) atoms into C-H bonds 
and addition of S(>P) and s(n) atoms to double bonds. Random inser- 
tion into alkenylic C-H bonds was observed for l-butene (26) while no 
insertion into non-terminal vinylic C-H bonds was observed for C3 and 
Cy4-olefins, To determine whether this reactivity was general with 
other olefins the olefin series was extended to include cyclopentene 

and cyclohexene. Both these members contain two types of alkenylic 

C-H bonds while having only non-terminal vinylic C-H bonds. 

Relative rate studies have shown s(>P) atoms to be electro- 
philic reagents. The relative reactivity of s(*p) atoms towards addi- 
tion to the double bond, however, has not been established, although 
it has been found to be less selective in its reactivity than (3p) 
atoms (77). It was felt that information on the relative reactivity of 
s(1p) atoms towards addition might be gained by observing relative 
rates of insertion to addition for a series of substituted olefins. 


The series of methylated ethylenes was chosen for this study. 
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Propylene, isobutylene and the 2-butenes have previously been studied 
and the series ad extended to include trimethylethylene and tetra- 
methylethylene. 

The effect of halogen atom substitution in olefins and 
paraffins has also peanesteerved in the present study. The effect of 
perfluorination on the reactivity of sulfur atoms was observed with 
perfluorocyclobutene. 

Vinyl chloride was chosen to study the effect of an electron 
withdrawing group on the reactivity of the s (3p) atom towards the double 
bond. The electrophilic character exhibited by s(7P) atoms would pre- 
dict a decrease in reactivity of vinyl chloride compared to ethylene. 

The reaction of (7p) atoms with the 2-butenes has resulted 
in stereospecific addition to the double bond (26). The reaction of 
s (3p) atoms with cis and trans-1, 2-dichlorocethenes was also studied 
to determine if this stereospecific addition could be observed with 
other geometric isomers. 

Carbon atoms have been shown to react with C-Cl bonds by an 
insertion mechanism (112). The possibility of forming sulfenyl chlorides 
by the insertion of sulfur atoms into C-Cl bonds was investigated. 

The study included methyl chloride, ethyl chloride and tertiary butyl 
chloride. 

Reactions of divalent species, namely CH), NH and 0, with 
acetylene have not resulted in formation of the corresponding cyclic 
compounds but only isomerisation rodintes Reactions of these same 
species with olefins also resulted in considerable isomerisation and 
fragmentation. Sulfur atom-olefin raaecions: however, do not exhibit 


similar isomerisations and fragmentations. For this reason it was felt 
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that reaction of sulfur atoms with acetylene and substituted acetylenes 
might result in formation of thiacyclopropenes, compounds unknown at 
present. The COS-alkyne study included acetylene, methyl acetylene, 


butyne-2 and perfluorobutyne-2. 
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CHAPTER II 
EXPERIMENTAL 


The general experimental techniques employed can be divided 
into two major sections. The first method employed standard high 
vacuum techniques and apparatus for experiments performed under static 
conditions. A second experimental technique, flash photolysis-kinetic 
mass spectrometry, enabled detection of products five milliseconds 
after the photolytic flash, thus resulting in the identification of 
short-lived unstable intermediates. A few experiments were also performed 
using a standard flash photolysis apparatus. This technique was used to 
obtain spectra of reaction intermediates as well as to study product 


formation resulting from high intensity photolysis. 


STATIC SYSTEM 
1) The high-vacuum apparatus 

The apparatus (Fig. 1) was a standard pyrex vacuum system 
evacuated to 107° torr Hg by means of a two-stage mercury diffusion 
pump connected to a Welch duoseal Model 1405 mechanical pump. The 
reaction, storage and analytical sections were kept grease free using 
Delmar mercury float valves and Hoke helium-tested valves. Absolute 
gas pressures were measured on a mercury manometer and pressures less 
than two torr were read on a McLeod gauge. Pressures less than two torr 
were also monitored in various parts of the system by means of Pirani 
gauge tubes (Consolidated Electrodynamics Cat. No. GP-001) which were 


standardised with the McLeod gauge. 
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Non-condensible products were transferred to, and measured in, 
a calibrated gas piverte by means of a toepler pump attached with a small 
one-stage mercury diffusion pump. The total condensibles were separated 
into product and reactant fractions by low temperature distillations 
using coil and U-traps, Product fractions were analysed by gas-liquid 


chromatography (GLC) by transferring them directly to the GLC sampler. 


2) _Photolytic Assembly 

|The reaction vessels, in the static system, consisted of 
cylindrical quartz cells having a diameter of 50 mm. and varying in 
length: from 50 to 200 mm. The cell was connected to the vacuum system 
by means of a Hoke helium-tested valve which in turn was connected to the 
cell by a graded seal (Fig. 2). The cell was held in place with a three- 
pronged clamp and could be kept in a constant position since cleaning of 
the cell was accomplished by merely’ filling it with air and flaming it 
with an oxygen flame, 

The main light source was a Hanovia, Type SH, medium pressure 
arc kept at a distance of 10 to 15 cm. from the incident face of the 
cell. The effective radiation was in the region 2350 A to 2500 A with 
the most intense region around 2490 A. Three Vycor 7910 filters re- 
moved radiation below 2300 A and the radiation was roughly collimated 
using two 50 mm. apertures placed before and after the filters in the 
filter holder. 

A second light source used was an Osram cadmium resonance 
lamp, connected to a variac and run at a constant current of 1.0 milli- 
amperes. The unfiltered cadmium lamp emits the resonance line 2288 A 
which very nearly corresponds to the maximum of the COS absorption 


at 2235 A. The intensity output of the cadmium lamp was found to be 
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reproducible to ca. 3% although the total absorbed intensity was a 
factor of 2 or 3 less than the medium pressure mercury arc. 

When it was necessary to obtain a large amount of product 
(for N.M.R. analysis etc.) a coiled low pressure mercury resonance 
lamp was used. The lamp was placed around a 50 mm. by 200 m, cell 
made of Vycor 7910 and the mercury was removed to eliminate any Hg- 
sensitised reactions. The absorption coefficient of COS at 2537 A 
is very low but owing to the high intensity of the coil lamp large 


conversions could be obtained in only a few minutes of irradiation. 


3) Analytical Assembly 


Gas chromatography was employed for all quantitative analyses. 
The experimental arrangement is shown in Figure 3. Non-condensibles 
were measured in the gas burette and no further analysis was necessary 
as, in the COS system, it consisted of only carbon monoxide. Condens- 
ible fractions were analysed by GLC by first being measured in the gas 
burette or transferred directly to the GLC sampler from the distillation 
train. 

The GLC unit consisted of three major components; a thermal 
conductivity cell (Gow-Mac Model TR IIIB), a power supply (Gow-Mac 
Model 999-C) and a Sargent recorder (Cat. No. S-72180). The thermal 
conductivity cell was heated to 175° F; higher temperatures were avoided 
to prevent decomposition of the sulfur compounds. The detector current 
was kept constant at 250 milliamperes. 

A single stream He flow was used as carrier gas. The helium 
was dried by passing it through a molecular sieve 13X column immersed 


in liquid nitrogen. The molecular sieve was reactivated periodically 
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by heating to 200° C with a heating tape. The gas flow was controlled 
with an Edwards valve and the flow rate was measured on an oil manometer 
calibrated with a soap bubble flow meter. 

The GLC sampler unit consisted of three 3-way Hoke valves and 
one 2-way Hoke valve. One of the 3-way valves was connected to the 
high vacuum line and was used for evacuation of the sampler. Heating 
tape was wrapped around the exit side of the sampler up to the thermal 
conductivity cell and was constantly heated to 50° C. 

The GLC eaisine were glass coils made of 6 mm. outside diameter 
glass tubing. The column was connected to the apparatus by means of 
silicone rubber seals and metal connectors. Two different types of 
column packing were used for product separation: 10% o-tricresylphosphate 
on Chromosorb W and 18% silicone oil 550-2% stearic acid on Kromat. A 
metal heating tube was placed around the column and the temperature could 
be regulated from room temperature to 1507.Cy at cooling was required a 
dewar of ice water could also be placed around the column. 

Some compounds were found to be unstable in the thermal con- 
ductivity cell. In order to collect these products it was necessary 
to install a cold trap between the column and the thermal conductivity 
cell. Once the retention time of the compound had been established, it 
could be trapped out immediately upon elution from the column before it 
reached the detector. 

The: thermal conductivity detector was calibrated for each 
compound. Where authentic samples were not available, the products 
from the photolysis reactions were purified by GLC and used for the 
calibration. Several samples of the compound were measured in the 


gas burette and transferred to the GLC sampler. The calibration.of a 
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compound was always made in the same detector region as found experi- 
mentally for product yields. Chromatographic peak areas were measured 
with an Ott planimeter and in all cases a linear detector response was 
observed with increasing amount of sample. With samples having vapor 
pressures greater than 20 torr Hg calibrations were reproducible to ca. 
5%. For compounds having low vapor pressures at room temperature cali- 
brations were obtained using a gas burette supplied with a water jacket 
through which hot water, at a regulated temperature, could be passed. 
In cases where more than one isomer, of a high molecular weight sulfur 
compound, was produced, the GLC was calibrated for the most volatile 
compound and the detector response was assumed to be the same for the 
other isomers. This assumption was found to be quite valid since the 
variations in detector response for different isomers were found to be 


within the experimental limits of the calibration. 


4) Experimental Procedure 


Substrate pressures were measured with a mercury manometer 
and the reactants were distilled into the cell through a coil trap 
immersed in a low temperature slush bath. This procedure was necessary 
to keep the cell mercury free thus eliminating photosensitisation 
reactions. Mercury was initially removed from the cell by immersing 
the coil trap, next to the cell, in liquid nitrogen ‘for 15 minutes 
while heating the cell to 75° C with a heat gun. By monitoring the 
transmitted resoriance line 2537 A, from a low pressure mercury arc, 
with a photocell, it was found that the mercury could be removed in a 
few minutes. 

The reactants were allowed to equilibrate for 1 hour prior 


to irradiation and the lamp was also given a 1 hour warm-up period. 
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TABLE II 
G.L.C. OPERATING CONDITIONS AND ELUTION TIMES FOR 


SULFUR_COMPOUNDS 


Column Elution 
Temperature Time 

Compound Column® (°C) (mins.) 
cyclopentene episulfide uA 70 i 
cyclopentene-3-thiol I 70 4.5 
cyc lopentene-4-thiol I 70 4.5 
cyclopentene-1-thiol I 70 14.0 
cyclohexene episulfide ji 40 14.0 
cyclohexene-3-thiol I 40 6.0 
cyclohexene-4-thiol I 40 6.0 
trimethylethylene Vv 50 11.5 

b 
trimethylethylene mercaptan -1 Vv 50 10.0 
-2 V 50 16.5 
-3 V 50 18.5 
tetramethylethylene episulfide IV 46 4.5 
tetramethylethylene mercaptan IV 46 10.0 
vinyl chloride episulfide III 60 22.0 
2-chlorovinyl mercaptan it 60 19.0 
trans-l, 2-dichloroethylene 

episulfide I 47 3.0 


cis-1, 2-dichloroethylene episulfide I 47 15.0 


2.ti 


2.01 
2.84 


2.0 
0.01 
2.88 
O.er 


0.€ 


et 


’ 4 a 
; LP 
bl , 
eR Oe ee el has Hoe tath Genie, mer 
iy @ oh ee me ly eee ae 


wry ea! if i essa 


7? 


sbrtiua 


) Cee, Peal 57 hers, a i a Lig: Goren a 


Y oy we 


eee 2 £0ce 447 see in <r Mate bees eo ate “ . old . 
-. ¥) 


; ¥ » sya: 
7 ’ iy 
part Jt ve? ren 9p 2 agi si fheat core -_ oat 1m ’ 


ae eg oe apy Py oft ‘ 
i ae one Ne w vote inap'e rae ve a ae Doe 


orese3 ie ase oid mae < Bagi ob 3 Lan 
- *g 5 — heey p - ai | a shai Pee ‘al *% i 
a tay Bt | 


: Pas cae Wt: Aol a4 ; or eg 
7 Re # PaeP ee 


7 ALHAWTHTE a bial AN 


it F 


py. wap ae Ps 


) mera? : 


on a va 4 oy see 7 


43 


TABLE II 
(continued) 
Column Elution 
Temperature Time 
Compound Column? "c) (mins.) 
carbon disulfide III i Be 4.5 
benzene LLL fhe 10.5 
thiophene TLL 75 bears 
perfluorotetramethylthiophene II 50 jie 
teriary butyl chloride mercaptan i 35 Du-0 
ethylene episulfide ALS 50 2.0 
2-chloroethyl mercaptan II 50 20.0 
a. Column I = 10% o-tricresylphosphate on chromosorb W; 


0.5 ft. length, 1 mm ID 


Column II = 10% o-tricresylphosphate on chromosorb W; 
4 ft. length, 4 mm ID 


Column III = 10% o-tricresylphosphate on chromosorb W; 
8 ft. length, 4 mm ID 


Column IV = 18% silicone oil 550, 2% stearic acid on 
Kromat C; 2 ft. 4 mm ID 


Column V = 18% silicone 550, 2% stearic acid on 
Kromat C; 8 ft. 4 mm ID 


b. Three mercaptans (1, 2 and 3) were produced in the reaction 
with trimethylethylene but their exact structures were 
not determined. 


C» The carrier gas flow rate in each case was 65 cc/min. helium. 
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Nearly complete self-reversal of the 2537 A line was observed for the 
medium pressure mercury lamp after 1 hour operation. 

After irradiation, the contents of the cell were frozen in 
the cold finger with liquid nitrogen. The non-condensibles were removed 
with the aid of the one stage mercury diffusion pump and the Toepler 
pump; two additional U-traps between the cell and the gas burette were 
kept at -196° © to prevent loss of any condensibles. The contents of 
the cell were warmed-up and re-frozen twice to free any non-condensible 
trapped in the solid matrix. The reactants were distilled off at various 
temperatures using appropriate low temperature slush baths and the 
remaining heavier sulfur products were transferred directly to the 
G.L.C. sampler for gas chromatographic analysis. 

Individual products were trapped in the G.L.C. trapping train, 
degassed and transferred under vacuum to break seals, N.M.R. tubes etc. 
for further analysis. 

Mass spectra were obtained on a Metropolitan-Vickers Model 
MS2 spectrometer operating at 70 eV. 

Infrared spectra were obtained on a Perkin Elmer Infracord 
using a micro gas cell of path length 7.5 cm. 

N.M.R. spectra were obtained on a Varian 100 Mc spectrometer. 
All samples were dissolved in carbon tetrachloride; a trace of tetra- 
methylsilane was added as a standard, 

Due to the instability of many of the sulfur compounds, 
samples were always kept in liquid nitrogen or refrigerated until just 


before running the spectra. 
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TABLE III 


MATERIALS USED 


Grade 
Material Source and Purity Purification 
Cyclopentene A.P.I. A.P.I. Certified None 
Cyclohexene Eastman Reagent Distilled from chloro- 
Organic benzene slush (-45°9) 
Trimethyl- Matheson, Reagent Distilled from dry 
ethylene Coleman and ice-acetone slush 
Bell (-78°) 
Tetramethyl- Chemical Reagent Distilled from chloro- 
ethylene Procurement form slush (-64°) 
Laboratories 
Vinyl chloride Matheson C.P. Grade Distilled from ethanol 
(99%) slush (-115°) 
Cis-l, 2- Eastman Technical g.c. 20 *ft.-sllicone 
dichloro- Organic (95%) rubber column 
ethylene 
Trans-1l, 2- Eastman Technical g.c. 20 ft. silicone 
dichloro- Organic (95%) rubber column 
ethylene 
Acetylene Matheson Contained Distilled several 
acetone times from ethyl 
chloride slush 
(+1399) 
Methyl Matheson Technical Distilled from ethanol 
acetylene (97%) slush (-115) 
Dimethyl Farchan Reagent Distilled from dry 
acetylene Research (99%) ice-acetone slush 
Laboratories (-78°) 
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Material 
Perfluorocyclo- 
butene 
Perfluoro- 
butyne-2 
Carbon Dioxide 


Helium 


Teriary-butyl 
chloride 


Methyl chloride 
Ethyl chloride 


Ethylene 
episulfide 


Propylene 
episulfide 


Source 


Peninsular 
Columbia 
Organic 
Chemicals 
Airco 
Canadian 
He lium Co e 
Eastman 


Organic 


Matheson 


Matheson 


Prepared 


Prepared 


TABLE III 


(continued) 


Grade and 
Purity 


Technical 
(987) 

C.P. Grade 
(99%) 

High Purity 


Technical 


Technical 
(97%) 


99% 


U.S.P. Grade 
99.7% 
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Purification 


Distilled from n- 
heptane slush (-91°) 


Distilled from ethanol 
slush (-115°) 


None 


Passed through molec- 
ular sieve trap at 
-195 | 


G.c. 20 ft. silicone 
rubber column 


Distilled from l- 
chlorobutane slush 
(-123°) 


Distilled from n- 
heptane (-91°) 


Distilled from methanol 


slush (-98°) and de- 
gassed at n-heptane 
(-91°) 


Distilled from dry 
ice+acetone slush 
(+78°) and degassed 
at n-pentane 
(-131°) 
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Material 
Propylene 
Chlorodi- 


fluoro- 
methane 


Hydrogen sulfide 


KSCN 


Ethylene 
carbonate 


Propylene 
carbonate 


Carbonyl 
sulfide 


Source 


Phillips 


Matheson 


Matheson 


Nichols 


Eastman 
Organic 


Eastman 
Organic 


Matheson 


TABLE IIT 


(continued) 


Grade and 
Purity 


Research 
High 


purity 
(99.9%) 


C.P. Grade 
(99.5%) 


Reagent 


Reagent 


Reagent 


Contains 
H9S 
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Purification 


None 


Distilled from n- 
pentane (-131) 


None 


None 


None 


None 


H»S removed by 
passing through 
saturated NaOH 
solution. Gas 
dried and distilled 
from n-pentane 
(-131°) and de- 
gassed from iso- 


' pentane (-160°) 
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FLASH PHOTOLYSIS WITH KINETIC MASS SPECTROMETRY 


1. Apparatus 


An Atlas CH, mass spectrometer equipped with an Atlas 
EW246 electron multiplier was used in this study. The original inlet 
system was removed from the instrument and replaced by a specially- 
designed assembly of a Vycor 7910 tube sealed to a small metal leak on 
the ion chamber to which a 4" -bore CVC oil diffusion pump was attached. 
The Vycor tube, surrounded by a spiral shaped quartz flash discharge 
lamp, served as the photolysis cell. A schematic illustration of the 
assembly is given in Fig. 4. 

The power source of the flash lamp was a 12 kv, 20yF low in- 
ductance capacitor with a suitable power supply. The signal from the 
mass spectrometer was fed into an Analab dual trace oscilloscope, Type 
1120, and photographed with a polaroid camera. The flash of the lamp 
triggered the oscilloscope through a photocell. 

The response time of the instrument was 4-5 milliseconds, 
making possible the detection and quantitative measurements of inter- 
mediates with half-lives of this order of magnitude. The mass spectro- 
meter was tuned in each measurement at the correct m/e value of the 


species to be measured. 


2. Procedure 


3 torr), the substrate 


Premixed, ultra-pure COS (400 x 10° 
under investigation (800 x 1073 torr) and Airco reagent grade helium 
(14 torr), was passed into the photolysis cell, flashed, and the flashed 


mixtures analysed for each detectable transient consecutively by the 


mass spectrometer. 
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Before each series of flashes the system was flashed with 
only helium in the cell and blank checks were obtained for the particular 
m/e values in question. In all cases background signals were found to 
be negligible compared to product signals. 

Decay of the signal with time was observed even for known 
Stable products. This was due to a decrease in the product concentra- 
tion in the ionisation chamber caused by the bleedout of the products 
from the reaction cell. To meaningfully evaluate the time-resolved 
oscillograms it was therefore necessary to correct for the drop in signal 
due to the normal bleedout. After correction, the corrected oscillo- 
gram represented the true reaction path, 

Corrections were made by multiplying the observed signal for 
a known stable product by such factors as would make the corrected 
signal constant with time. These multiplication factors were found to 
give results accurate to within 5%. Periodic checks of the bleedout 
rate were made during these investigations and were found not to change 


appreciably. 


FLASH PHOTOLYSIS 

The flash photolysis apparatus consisted of standard flash 
photolysis components; namely, a photolysis flash lamp, spectroscopic 
lamp, cell and spectrograph. 

A 41 nF capacitor, at 9 kV, was discharged through two 55 cm. 
quartz flash lamps connected in parallel. The two lamps were joined 
near the ends. The photolysis lamp was filled with 7 torr Ny and 80 
torr krypton while the spectroscopic lamp contained 100 torr krypton. 


The uF capacitor for the spectroscopic flash was usually charged to 
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10 kV. Transient ultraviolet absorption spectra were recorded on 

Kodak 103 a-0 plates exposed in a Hilger medium quartz spectrograph. 
The reaction vessel was a cylindrical cell 50 cm. long 

and 4,3 cm. in diameter and was constructed of Vycor 7910 (transmitted 

wavelength > 2200 A). The cell had plane parallel quartz windows. 

A helium tested Hoke-valve connected the cell to a standard vacuum 

rack facilitating filling of the cell and removal of the products. 

Products of the reaction were analysed by G.L.C. techniques previously 


described. 
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CHAPTER III 


THE REACTIONS OF SULFUR ATOMS WITH: 


l. Cyclopentene. 
Results. 

23 Cyclohexene. 
Results. 

a, Perfluorocyclobutene. 
Results, 

4. Trimethylethylene. 
Results. 

os Tetramethylethylene. 
Results. 


DISCUSSION. 
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RESULTS 


1. Cyclopentene 


When carbonyl sulfide was photolysed with cyclopentene, 
in low conversion runs, four products were found. According to 
their mass spectra, shown in Appendix A, all four were isomeric 
addition products with the molecular weight of 100, i.e., CoHgS. 
Gas chromatographic analysis of the condensible reaction products, 
however, showed only three separable peaks with the following reten- 
Paanetimesows00u lc Lego (11) =: 3.20.(CIIL) on a 0.5 ft. T.C.P. column. 
The N.M.R. spectrum of peak I (Figure 5) showed two products to be 
present in the ratio 2:1. It showed two sets of doublets in the SH 
region at T values of 8.36, 8.42 and 8.55, 8.58 and two singlets in 
the vinylic proton region at T values of 4.28 and 4.34. Since the 
SH hydrogen atoms of vinylic mercaptans exhibit resonance in the 
region of T values of 7.3 to 7.8 (74), these two compounds were 
identified as the two alkenyl mercaptans cyclopentene-3-thiol and 
cyclopentene-4-thiol. By analogy with the COS-cyclohexene system 
(vide infra), where statistical insertion into the 3 and 4 positions 
was observed, the cyclopentene-3-thiol is tentatively assigned as the 
larger product while cyclopentene-4-thiol is formed in the smaller 
yield. 

The largest product, compound II, was identified by its 
mass spectrum and N,.M.R. spectrum to be the cyclopentene episulfide. 
This was also confirmed by the fact that it is the only product 


formed from the reaction of s(3P) atoms with cyclopentene. Triplet 
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Mixture of cyclopentene-3-thiol and cyclopentene-4-thiol 


ASSIGNMENTS (CT) 


cyclopentene-3-thiol 
rete me ay d | 


do '6255 and 6.55 


cyclopentene-4-thiol 
a. 4.34 


b. 8.36 and 8.42 


Ratio of cyclopentene-3-thiol/cyclopentene-4-thiol is ca.2 
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Cyclopentene Episulfide; CsoygS 


ASSIGNMENTS () 


57 


06 


c8 


euajuado) 94> JO winujoads S9uDUO0Say d14auBD 


O8 GZ 


(9) 


"apt yjasid3 
W 4D9}9NNY 9 “B14 


OZ 


S9 


Mss )2 
: 


LryRIQ6 ; 


+ 
~ 


is 


- 


‘ > i, tei) 
ce sbecst my EAS pabeu; ve 


OUvaL 


463 
5 


Srth 


58 


sulfur atoms have been shown to react with olefins to give only the 
episulfide (71). 

Compound III, a minor product, was identified as the vinylic 
mercaptan cyclopentene-l-thiol. An authentic sample of this product 
was synthesised (75) and its retention time was identical with that 
of compound III, using the same column and conditions. 

The reaction was examined as a function of substrate pres- 
sure, added C05, time and wavelength. 

The product rates, as a function of cyclopentene pressure, 
are shown in Table IV and Figure 7. It is seen that the products 
increase with increasing substrate pressure and reach a maximum value 
at pressures greater than 200 torr. The ratio R(mercaptan)/R (episulfide) 
is pressure dependent reaching a limiting maximum value of 0.80 at 
pressures about 200 torr. R(CO) gradually decreases with olefin 
pressure, approaching R°(CO)/2 at the highest pressure used (300 torr). 

The effect of the inert gas, CO), on the reaction is shown 
in Table V and Figure 8. The isomeric distribution of products is 
seen to change with increasing COj pressure, the rate of mercaptan 
formation decreasing and the rate of episulfide formation increasing. 
Thus, while without CO,, the ratio R(mercaptan)/R (episulfide) is 
0.44, with 1250 torr CO) present, the above ratio has a value of 0.03. 
A slight increase in product formation and slight decrease in CO 
production was observed with increasing CO? pressure. The total 
yield of the products (in terms of R°(CO) - R(CO) ), however, was 
found to be independent of C05 pressure. 

The reaction was also studied as a function of exposure 


time. The data are shown in Table VI and Figure 9. At larger 
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TABLE IV 


VARIATION IN PRODUCT YIELDS WITH CYCLOPENTENE PRESSURE 


IN THE COS-CYCLOPENTENE SYSTEM* 


Rates moles/30 min. 


P(cyclo- 
CcHg) . ; Total RSH & EZ © | 
torr co CO-CO RSH(34+4)° RSH(1)~ E.S. CoHgS ES Recovery 
0 10.7 10.7 0 0 0 0 -- -- 
0 10.6 10.6 0 0 0 0 = -- 
zd phe, 6.92 3.68 0.45 0 1.70 2:15 Of27 59 
51.0 6.41 4.19 0.85 0 ede 2.77 0.44 66 
103.3 6.03 4.57 1.05 0.03 2.00 3.08 0.54 67 
151.1 5.93 4.67 hele 0.06 1.90 3.08 0.62 66 
204.1 5.83 4.77 1.54 0.10 2.04 3.68 0.81 tm 
2pL.1 5.64 4.96 1.44 0.12 PBN 3.68 0.74 74 
306.6 5.60 5.00 1.40 0.16 1.96 3752 (0480 71 


a. P(COS) = 100 torr; Exposure time = 30 min. 
b. cyclopentene-3-thiol + cyclopentene-4-thiol 
c. cyclopentene-1l-thiol 


d. In terms of R°(CO) - R(CO) 
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P (CO) é b 
torr co CcO-CO RSH(3+4) 

0 6.41 4.19 0.85 
100 5.90 4.70 0.64 
216 5.90 4.70 0.63 
422 5.56 5.04 0.30 
620 Meee 5.09 0.33 
839 o/23 2507 0.24 
1039 5.45 as25 0.21 
1249 Se De2a 0.08 

a. P(COS) = 100 torr; _P(cyclopentene) = 51 torr; 
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TABLE V 
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VARIATION IN PRODUCT YIELDS AS A FUNCTION OF ADDED CO, 
PRESSURE IN THE COS-CYCLOPENTENE SYSTEM~ 


Rates moles/30 min. 


cyclopentene-3-thiol + cyclopentene-4-thiol 


O 
In terms of R(CO)-R(CO) 
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Total ce 
CoHgS Recovery 


Zola 66 
2590 63 
32D 69 
2.66 se) 
3.34 66 
3.40 67 
3.46 67 
3.26 62 


Exposure time = 30 min. 
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TABLE VI 
VARIATION IN PRODUCT YIELDS WITH REACTION TIME IN THE 


COS-CYCLOPENTENE SYSTEM 


Yields, y.moles 


Total Ratio 


Min. co RSH(34+4) RSH(1)- ES CsHgsS RSH/ES 
15 2.42 0.52 0.04 Os77 ss ¥4 Ow73 
30 4.38 1.16 0.06 1.65 Vie oY | 0.74 
30 4.38 1.04 0.06 1.57 2.67 0.70 
45 7.02 Lietz 0.13 2.44 4.31 0.76 
60 8.66 2.30 0.19 3.40 5.89 0.73 
60 9.46 12958 0.13 3.40 pe) | 0.62 
75 10.33 Yio 0.20 4.07 6.86 0.69 
90 12.30 3.00 0.26 4.65 1ao8 0.70 


P(COS) = 100 torr; P(tyclopentene) = 247 torr; Medium press. 
Mercury Arc. 
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cyclopentene-3-thiol + cyclopentene-4-thiol 
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exposures, due to secondary reactions and attenuation of the incident 
light intensity by polymer deposition, the yields were found to 
gradually decrease. A decrease in the total product formation of 
ca. 8% was found when the exposure time was increased to 90 minutes. 

A change in wavelength of the incident radiation was found 
to change the ratio R(mercaptan)/R (episulfide). Table VII shows 
the results of photolysis with the cadmium lamp. This ratio increased 
from 0.80 (medium pressure Hg arc) to 0.92 when light of shorter 
wavelength was used (cadmium lamp). The main absorption from the 
medium pressure mercury lamp is ca. 2490 A, whereas the cadmium lamp 


emits its resonance line at 2288 A. 


2. Cyclohexene 


Mass spectral analysis of the reaction products showed the 
presence of isomeric products all having the molecular weight 114 
ive., CeH10S- As in the case of cyclopentene, two isomeric products 
showed the same retention times and could not be separated. The total 
products yielded two gas chromatographically separable peaks, on a 
0.5 ft. T.C.P. column, having relative retention times of 1,00 (I) 
2-1 (I1I)« 

N.M.R,. analysis of peak I showed two products present in 
a ratio of 1:1. N.M.R. assignments of the resonance peaks showed 
that these two products were the cyclohexene-3-thiol and the 
cyclohexene-4-thiol (See Fig. 10). 

Compound II was identified as the cyclohexene episulfide 
from its mass spectrum and by comparison of its retention time with 


an authentic commercial sample. 
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TABLE VII 
VARIATION IN PRODUCT YIELDS WITH REACTION TIME 


IN THE COS-CYCLOPENTENE SYSTEM 


yield, pmoles 


Total Ratio 


Min. co RSH(344)” —-RSH(1)° ES CsHgS  RSH/ES 
15 2.14 0.38 0.02 0.45 0.85 0.89 
30 4.25 0.76 0.02 0.90 1.68 0.89 
45 6 oats 1929 0.04 1.40 2.73 0.95 
75 10.02 2.46 0.13 2.65 5.24 0.97 


a. P(COS) = 100 torr; P(cyclopentene) = 250 torr; Cadmium lamp. 
b. cyclopentene-3-thiol + cyclopentene-4-thiol 


c. cyclopentene-1-thiol 
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N.M.R. SPECTRA 


Mixture of cyclohexene-3-thiol and cyclohexene-4-thiol. 


ASSIGNMENTS (7) 


cyclohexene-3-thiol 


a. 4236 


b. 8.62 and 8.67 


cyclohexene~-4-thiol 
c. 4.40 


d. 8.54 and 8.59 


Ratio of cyclohexene-3-thiol/cyclohexene-4-thiol ca. 1. 


68 


O06 


(9)(P) 


* ]O!44-p-auaxeyo] 949 pup |O!4s-E-auaxayo]oA90 
JO S4ANIXIW D JO WN449Ead¢ aduDUOsay d1yeuBDW ID9}JONN, | 


O8 OZ 09 


2 H H2? OY 


"By 


OS 


H oO 


(>}(0) 


0 


v 


Go 4 


Go wixene 


| 
ae | 


C/CHEXGUG —4y-4} 10] ° 
neci. ms 


) © 
& it 
: a 
a | -" “4 
5 & 
Lf) 

en ™) 


% eee ee a ee 


a) on hs 
‘ a sy ee 
oo. 2 hs ‘ ge 
_ , i's ‘ ‘ : * 
a : ae a mn P : 
: TR ida? were 
F a ‘ ~~ 4 - ! :* . , 4 
th _— Ms ? j 
7. ~* 4 ' 
4 
So 
a 
; =e 
ott 
a 
i 
iy 
J 


Unlike cyclopentene, cyclohexene did not yield any of the 
vinylic mercaptan, cyclohexene-1l-thiol, in low conversion runs. 
During large conversion photolysis a: fourth product was formed in 
very small yields. It was found to elute last on the g.c. column 
just as did cyclopentene-1l-thiol in the cyclopentene system. It is 
therefore probably cyclohexene-1l-thiol although no analysis could be 
made on this trace product. 

A mixture of COS (100 torr) and cyclohexene (76 torr) 
yielded products in the ratio mercaptan/episulfide = 0.81 as compared 
to 0.50 in the cyclopentene system. 

In this system the inert gas CO was found to completely 
supress mercaptan formation with a simultaneous increase in the 


episulfide formation. 


3. Perfluorocyclobutene 


A. Static system 


When carbonyl sulfide was photolysed with perfluorocyclobutene 


no volatile condensible products were formed in the reaction. The 
only product, besides CO, was a solid deposited on the walls of the 
reaction vessel. Upon complete oxidation of this solid the gaseous 
products found were sulfur dioxide and carbon dioxide; the S09 
comprising 95 mole % of the gaseous product and the CO only ca. 5%. 
This would indicate that the major product of the reaction must be 
elemental sulfur. 

The rate of carbon monoxide formation decreased slowly with 
increasing substrate pressure and at pressures greater than 1000 torr 
the CO value appeared to be approaching the value R°(CO)/2 (Table VIII 


and Figure 11). 
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TABLE VIII 
VARIATION IN PRODUCT YIELDS WITH PERFLUOROCYCLOBUTENE PRESSURE 


a 
IN THE COS-PERFLUOROCYCLOBUTENE SYSTEM 


Rates, ymoles/30 min. 


P(cyclo-C4F6) 


torr co Condensible Product 
0 7.68 a 
26.0 6.67 0 
49.0 6.48 0 
74.1 6.63 0 
153.3 6.54 0 
154.1 6.43 0 
203.9 5.82 0 
286.2 4.87 0 
450.6 4.67 0 
716.5 4.28 0 
1017.0 4.21 0 


a. P(COS) = 100 torr; exposure time = 30 min. 
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With elemental sulfur as the major reaction product it 
would appear that perfluorocyclobutene reacts only as an efficient 
third body for the recombination of sulfur atoms and possibly also 
as an efficient agent for deactivating s(lp) atoms to ground state 
s(7P) atoms. 

This latter possibility was checked by adding perfluoro- 
cyclobutene to a known system of COS and cyclopentene. The results 
are shown in Table IX and Figure 12. It can be seen that with 
increasing perfluorocyclobutene pressure the yield of episulfide 
increases while the mercaptan yield shows a simultaneous decrease. 
This effect is similar to that observed upon addition of the inert 
gas CO2 to the COS-cyclopentene system, 

This system differs from the C09 system, however, in that 
the total product yield is dependent on the perfluorocyclobutene 
pressure; the yield showing a slight decrease with increasing substrate 


pressure. 


B. Flash photolysis-kinetic mass spectrometry 


A mixture of COS (400 microns) and perfluorocyclobutene 
(800 microns) was flash photolysed and a sulfur adduct of perfluoro- 
cyclobutene, CZF 6S, was observed as a reaction product. The time- 
resolved oscillogram (Figure 14), corrected for normal bleed-out, 
shows that the signal is permanent and shows no decay with time. 


This would indicate that the product is stable under these conditions, 


4. Trimethylethylene 


In low conversion runs, four gas chromatographically- 


separable sulfur containing compounds were formed with the following 
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TABLE IX 


VARIATION IN PRODUCT YIELDS AS A FUNCTION OF ADDED PERFLUORO- 
a 
CYCLOBUTENE IN THE COS-CYCLOPENTENE SYSTEM 


Rates, ymoles/30 min. 


P(cyclo- 
-C,F¢ ) 5 b Total % ec 
torr co CO-CO RSH(3+4) ES CsHgS Recovery 
0 4.62 3.06 0.84 “ipo prs 2.39 78 
0 4.64 3.04 0.84 1.45 2.29 75 
51.6 4.57 reel 0.56 1.50 2.06 67 
205.2 4.00 3.68 0.44 L723 2017 59 
505.0 3.74 3.94 Ors: 1.92 tees 57 


a. P(COS) = 100 torr; P(cyclopentene) = 75.1 torr; exposure time = 30 min. 
b. cyclopentene-3-thiol + cyclopentene-4-thiol 


c. In terms of RCO) -R(CO) 
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relative retention times 1.00 (I) : 1.11 (II) : 1.62 (III) : 1.83 (IV), 
on an 8 ft. 18% silicone oil 550, 2% stearic acid column. From their 
mass spectra, given in Appendix A, all four were isomeric addition 
products with molecular weights of 102, i.e. C5Hj 0S: 

Upon addition of CO» to this system only compound II was 
formed, the other three products being completely suppressed. Carbon 
dioxide has been shown to be efficient in deactivating s(‘p) atoms to 
(3p) atoms. Furthermore from previous work (71) it is known that 
S(3P) atoms react with olefins producing only the episulfide. Thus 
compound II must be the trimethylethylene episulfide, with the other 
three products being isomeric mercaptans. Individual identification 
of the three mercaptans was not made. However, all three likely 
arise from insertion into the C-H bonds of the three different methyl 
groups of the substrate molecule. 

In a mixture of 100 torr COS and 300 torr trimethylethylene 
the product ratio was found to be R(mercaptan)/R (episulfide) = 0.73 


(mercaptan = 42% of the total products). 


3. Tetramethylethylene 


In low conversion runs, two gas chromatographically 
separable compounds were found. They had relative retention times 
of 1.00 (I) : 2.16 (II) on a 2 ft. 18% silicone oil 550, 2% stearic 
acid column. According to their mass spectra both were isomeric 
addition products with molecular weights of 116, i.e. C6H}2S. 
Identification of the episulfide was made in a manner identical to 
that used for trimethylethylene. Addition of COz increased the yield 


of episulfide and decreased the yield of the mercaptan. 
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In a mixture of 100 torr COS and 125 torr tetramethylethylene 
the product ratio R(mercaptan)/R (episulfide) was 0.73 (mercaptan = 42% 
of the total products). This ratio is probably somewhat lower than 
the maximum value that would be obtained in a higher pressure region. 
It has been observed for other olefins that the ratio R(mercaptan)/R 
(episulfide) increases with substrate pressure until a ratio of 
01/COS of 3 or greater has been obtained. This ratio would therefore 
probably be ca. 1 (mercaptan = ca. 50%) in the high pressure region. 
Addition of 1200 torr CO, to this mixture reduced this ratio 


to 0.1ll. 
DISCUSSION 


The primary products formed in the CO$*cyclopentene system 
are CO, cyclopentene episulfide, cyclopentene-l-thiol, cyclopentene- 
3-thiol, and cyclopentene-4-thiol. To a first approximation the 


primary reactions are: 


cos + ho = co + s(4p) (1) 


ore (2) 


r pve (3a) 
HS 
HS 

- TI (30) 


= ball (3c) 
SH 
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The alkenyl mercaptans, cyclopentene-3-thiol and cyclo- 
pentene-4-thiol, account for ca. 40% of the total product yield. 

From the butenes, where the number of alkylic C-H bonds per C=C bond 
is about the same (5-6 : 1), the alkenyl mercaptan yield was ca. 30% 
(26). The ratio of these mercaptans was 2:1 and although it was not 
possible to obtain definite analytical isomeric assignments, it is 
probably safe to assume, by analogy to the COS-l-butene system (26) 
and the COS-cyclohexene system, that they arise from statistical 
insertion at the 3- and 4- positions. Small yields of the vinylic 
mercaptan, cyclopentene-l-thiol, up to ca. 5% of the total, were also 
detected. The tautomeric equilibrium between the Pte and the 
thioketone has been shown to proceed spontaneously at room temperature 
and is strongly shifted to the thiol side (75). 

Product recoveries varied with experimental conditions, and 
the optimum values were ca. 75% in the high pressure regions. The 
loss was probably due to some polymerisation process, although the 
possibility of cracking reactions cannot be excluded. In the reaction 
of 0(3P) atoms with cyclopentene one of the major products is ethylene 
(27%) formed it a pressure-independent fragmentation (53). The 
mechanism of this reaction has not been investigated in detail. The 
appearance of olefins among the cracking products in the O-atom 
reactions is not common and it may indicate a molecular rather than 
free radical mode of decomposition. One possibility for the molecular 
split would be: 

CoH, “ CH) = CH-CHO (4) 
ang ot 


CoHy + CH) = C-0 (5) 
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The exothermicity resulting from addition of s(n) and o(?P) atoms is 
nearly equal; if any of the analogous reactions occur in the S-atom 
system all the products escaped detection. 

The apparent low yield of cyclopentene-l-thiol may he due 
to some characteristic of the reaction producing it, or perhaps this 
product is lost due to trimerisation of the thioketone in tautomeric 


equilibrium with it. 


S 
pa a a > 80%, (6) 
3 | ——> TRIMER (7) 


The trimerisation of thiocyclopentanone is catalysed by strong acids 
such as HCl but in the pure liquid state this compound has been shown 
to trimerise only very slowly, unlike open chain thioketones and 
thioaldehydes which are known to trimerise immediately. 

This low yield of vinylic mercaptan, however, is consistent 


with the results observed with cis and trans-2-butenes where only 


trace quantities of vinylic mercaptans were formed (26). Only ethylene 


and propylene have been shown to produce appreciable quantities of 


13 


vinylic mercaptans, their yields being ca. 50% and 15% respectively (71), 


and in the case of propylene only the terminal mercaptan was produced. 


This would indicate that production of vinylic (at least non-terminal 
vinylic) and alkenylic mercaptans does not occur from competitive 
s({p) atom insertion reactions but from two distinctly different 
mechanisms. This will be discussed later. 

The product distribution was found to change with wave- 


length upon using a medium pressure mercury lamp and a cadmium 
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resonance lamp. Photolysis with the medium pressure mercury lamp 
resulted in a ratio R(M)/R (E) = 0.80 while with the cadmium resonance 
lamp R(M)/R (E) = 0.92. The main absorption by COS from the mercury 
lamp is ca. 2490 A, corresponding to an energy of 114.8 kcal./Einstein, 
while the energy of the 2288 A cadmium resonance line is 124.0 kcal./ 
Einstein. Although the exact excess energy distribution between the 
S atom and CO is unknown, the translational energy of the S atom 
produced by the photolysis of COS at 2288 A will be greater than that 
of the S atom produced by photolysis at 2490 A. An estimated maximum 
difference in translational energies of the two sulfur atoms, based 
on equipartition of energy, is ca. 5 kcal./mole. With decreasing 
wavelength, therefore, the rate of insertion, relative to the rate of 
addition to the double bond, increases. A similar increase in the 
rate of insertion of translationally hot s(4p) atoms was observed in 
the reactions of sulfur atoms with paraffins (73). 

The effect of CO) on the reaction (Figure 9) is explained 
in terms of an efficient electronic relaxation of the excited s(1p) 


atoms to the ground state: 
s(4p) vs CO» = s(3P) + CO>* (8) 


It has been shown that mercaptans arise solely from s(*p) atom 
precursors, whereas episulfides are formed from s(3p) and s(lp) 
atoms. If we take the relative yield of mercaptan as a measure of 
the s(1p) atom concentration in the system, at 1250 torr of added C09 
more than 90% of the s(4p) atoms are quenched. The CO yield is also 
slightly retarded by CO9. From previous work it is known that the 


rate constant ratio k(S + olefin)/ k(S + COS) is at least 30 times 
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81 
larger for triplet than for singlet S-atoms (67). Consequently 


conversion of s(4p) to s(>P) will diminish the significance of the 


abstraction step 
S + cos = co + So (9) 


with a concomittant decrease in R(CO) to the limit of R°(CO)/2. But 
this would require that at high CO. pressures R(episulfide)/ R(CO) = 1, 
while experimentally it is only 0.67. 

Secondary photolysis of products hag also been shown to be 
partly responsible for reducing the yield of the sulfur-containing 
products from the theoretical 100% (as calculated from the R(CO) 
decrease). Figure 9 shows that when the irradiation time is increased 
to 90 minutes the rate of production of products decreases by ca. 8%. 
This together with polymerisation, cracking of hot products and loss 
due to mechanical handling of the high molecular weight sulfur 
products could account for the optimum yield of 75% obtained in these 
reactions. 

The primary products formed in the COS-cyclohexene system 
are CO, cyclohexene episulfide, cyclohexene-3-thiol and cyclohexene-4- 


thiol. The overall reactions can be written as: 


cos + hv = CO + s(+p) (1) 
o-O- : 
= (lla) 
H 


= ie (11b) 
HS 
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At long exposures a fourth product was found having the same relative 
retention time as the cyclopentene-l-thiol in the cyclopentene system. 
This additional Broce may well be the vinylic mercaptan, cyclohexene- 
1-thiol. 

Under identical conditions it was observed that the ratio 
R(M)/ R(E) was somewhat larger for cyclohexene than for cyclopentene. 
This increase could be explained by the larger number of CH» groups 
in cyclohexene. 

The insertion products cyclohexene-3-thiol and cyclohexene- 
4-thiol were obtained in the ratio 1:1, indicating random insertion 
into the C-H bonds of the substrate molecule. The species undergoing 
insertion is s(1p) since high pressures of CO. suppress the mercaptan 
formation with a simultaneous increase in cyclohexene episulfide,. 

The mechanism for the reaction of sulfur atoms with olefins 


must include the following steps: 


cos + Koat for ylecougg + s(tp) (1) 
s(lp) + cos —> CO + So (12) 
sip) + cos —> cos’ + s(3P) (13) 
s(3p) + cos —> co + So (14) 
s(ip) + 01 — __ episulfide (15) 
— mercaptan (16) 
—> s(3P) + 01 (17) 
s(3p) + 01 —>  episulfide (18) 


The competition for sulfur atoms by the olefin in steps 15, 16, 17 and 


18 accounts for the CO decrease with increasing substrate pressure. 
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The CO yield reaches a limiting value of R°CO/2, where R°(CO) is the 
CO formation in the absence of olefin, corresponding to complete 
scavenging of the initially produced sulfur atoms. 

Table IV shows a pressure dependence on the ratio R(M)/ 
R(ES), its value being 0.27 at low olefin pressure and increasing to 
a constant value of 0.80 at high pressures. This effect may be 
partly due to inefficient stabilization of the hot mercaptan, at low 
pressures, resulting in decomposition as indicated by the lower yield 
in this pressure region. Assuming that the low mercaptan/episulfide 
ratio, in the low pressure region, is due to decomposition of the 


mercaptan, a minimum life-time for the hot mercaptan can be estimated. 


k 

mercaptan* —» decomposition product (19) 
M 

mercaptan* — > mercaptan (stabilised) (20) 


Assuming that deactivation of the excited molecule otcurs on every 


collision, the rate constant for decomposition is given by: 


k = (decomposition product) |. gz (21) 
(mercaptan) 


where z is the collision frequency. From the pressure data in 
Table IV, k is ca. 6 x 10° sec.7!, The minimum life-time of the hot 
mercaptan is therefore ca. 1.7 x 107? sec. 

A second possible contribution, is the deactivation of s(4p) 


atoms by COS, resulting in an additional source of s(3P) atoms which 


give rise only to episulfide formation. At low pressures a competition 


for the s(tp) atom exists between the olefin and COS. COS can 
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efficiently deactivate the s(+p) atom to s(?P) (70) and reaction 18 is 
much faster than reaction 14, as shown in recent mercury-photosensitized 
reactions (79), therefore resulting in additional episulfide formation. 
At high olefin pressures reaction 13 is eliminated and aiconstant 
ratio R(M)/ R(ES) is obtained. 

Reaction 17, deactivation of s(+p) atoms by the olefin, 
probably also occurs by analogy with that found for paraffins (73). 
The importance of this reaction, however, cannot be quantitatively 
measured. 

If the slow abstraction from COS by s(3P), reaction 14, is 
set equal to zero, steady-state treatment of the proposed mechanism 
yields the following expression: 


R°(CO) /2 ki2 + k13 (01) ese Gbi5 ch rkigxh 17 Of 
R(CO)-R°(CO)/2*~=«s*F:2 + (cos) K2 (22) 


A plot of the L.H.S. of the equation vs. (01)/ (COS) for the cyclo- 
pentene system is shown in Figure 15. The data appear to fit a 
straight line at low (01)/ (COS) ratios but at high pressures of 
olefin the data show a large deviation from linearity. 

R(CO), in the high olefin pressure region, approaches the 
value R°(CO)/2, thus R(CO)-R°(CO)/2 is the small difference between 
two numbers and the deviation from linearity is probably due to 
experimental error. 

A closer examination of the low pressure region indicates 
that the data will fit a small but definite curvature. If the slopes 
are calculated from equation 22, the rate constant ratio (k,5 + ky¢ + 


k17)/ k12 decreases to a minimum and then rises again. To simplify 
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the kinetic expression, the CO producing reaction, reaction 14, was 
eliminated from the mechanism during the steady-state treatment. 
Although the reaction is slow as compared to the addition of s(7P) 
atoms to olefins, it may be appreciably significant in the low pres- 


sure region and cannot be eliminated from the mechanism. 


Relative reactivity of s(1p) atoms towards C-H and C=C bonds, 


The relative rates of addition of s(3p) atoms to olefins 
have recently been determined for a large number of olefins (77) 
and the results indicate that ground state sulfur atoms exhibit 
electrophilic behavior. Little, however, is known regarding the 
selectivity of s(4p) atoms towards the double bond. 

Recently, also, the relative rates of addition of sulfur 
atoms (mixture of s(1p) and s(>P) atoms) to olefins were measured (77). 
Maximum values for the relative rate constants of addition of s(‘p) 
atoms to the double bond were found to be l, 2.9 and 7.5 for ethylene, 
propylene and isobutylene, as compared to 1, 6.8 and 50 for s(3p) 
addition. Since the relative importance of s(tp) and S(>P) atoms 
cannot be evaluated from these results only maximum values for the 
relative rate constants can be determined. It is evident that s(4p) 
atoms are less selective than s(3P) but no quantitative measure of 
the selectivity can be made, 

It was felt that additional information on the reactivity 
of s(tp) with olefins may be obtained by observing the relative 
reactivity of sp) atoms towards C-H and C=C bonds in a series of 
methyl substituted ethylenes. Propylene (71) the 2-butenes and iso- 


butene (26) have already been studied and the series was extended to 
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include trimethyl and tetramethylethylene. The results are shown in 
Table X. The percentage insertion into the methyl groups is seen to 
increase almost linearly with the number of methyl groups, i.e., the 
rate of insertion per C-H bond remains almost constant. Since the 
rate of insertion per C-H bond should not be greatly influenced by 
the number of methyl groups in the molecule, the relative reactivity 
of the qr bonds in the series can be estimated. This turns out to be 
approximately constant. 

This indicates that any selectivity that the s(*p) atom 
possesses must be quite small. The possibility of steric hindrance, 
resulting in an apparent lack of increased reactivity with the double 
bond, must not be overlooked. It has been suggested that a small 
steric hindrance effect is present in the reactions of s (7p) atoms 
with A, 6 -substituted olefins. If the same effect is present for 
s(4p) atoms the observed lack of selectivity may not represent the 


true reactivity. 


The Effect of Perfluorination on the Reactivity of Sulfur Atoms With 
Olefins, 

The photolysis of COS in the presence of perfluorocyclobutene 
resulted in a decrease in CO production with increasing substrate 
pressure. No carbon-sulfur compound was produced in the reaction. 

The major product was elemental sulfur with a small percentage of 
carbon containing non-volatile solid. The large decrease in CO 
formation in the COS-perfluorocyclobutene system may therefore be due 


to efficient third body recombination of S(°P) atoms in the presence 
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TABLE X 


PERCENTAGE INSERTION INTO METHYL C-H BONDS 
FOR A SERIES OF METHYLATED ETHYLENES 


Compound 


CH3CH=CH, 

cis CH,CH=CHCH, 
trans CH,CH=CHCH; 
(CH3) 9C=CHy 

(CH3) >C=CHCH, 


% Insertion into CH3 group 


20% 
30% 
30% 
30% 
40% 


50% 


88 


ver & i ys 
By ca WA oF a uy 
1 in ' ; U } ) i 
; | ie hom 
Ta : Ly i Ae , 


“ 7 a f be vn am i co u 


} ie a 
; ’ > Pal? mn it iM 
t Tt 
thas i i Z i hes 
x G : ‘ i 
BEM: H-) JYHTAM orm + Mornasem 
asMatYHTS QSITAIYHTAM 30 ‘eta A mn 
— pean ae eee Tee pare agar id 
| quoxg pHD otni noissseal ny 
ca hy ' 
| ; aeke 
fe tyre dng e pai 
1 : ce nf a oar 
7 


89 


“~N 
of C,F,. The overall mechanism appears to include the following 
4° 6 


steps: 

cos + ho —> co + s(ip) (1) 
s(ip) + cos — co * So (2) 
s(ip) + cos = > cs. + s(3P) (3) 

YN 
sCpje8 + 8 cur, =F Re Ot st*B (4) 

3p aN Vas 
2 SCP) + CAFE. “a7 CErEr S92 (5) 


The percentage recombination of the initially-produced 


sulfur atoms is given by the expression: 


% recombination .= 2(R°(CO)-R(CO x 100 
R°(CO) 


Since some polymerisation, resulting in solid formation, does occur, 
this term actually represents the percentage of sulfur atoms disap- 
pearing by both recombination and polymerisation. 

At 1000 torr of added substrate the percentage recombination 
is 90%. Under identical conditions CO, gave a value of ca. 25% 
recombination (70). Perfluorocyclobutene is therefore approximately 
3.6 times more efficient as an apparent third body for the recombination 
of sulfur atoms than is C09, although both of these compounds display 
roughly the same ability for deactivating excited sulfur atoms, 

The increased ability of the perfluoraocyclobutene in the 
recombination process may arise from some process other than a simple 
third body recombination. This is convincingly shown by the technique 
of flash photolysis-kinetic mass spectrometry where a CF 6S adduct 


“os 
was observed as a reaction product. The C4F6S product was stable 
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under ‘these conditions but its disappearance is indicated by the lack 
“N 
of a CyF¢S product in the static system. 
As elemental sulfur was the major product of the reaction 


it is reasonable to propose the following mode of CL¥ 68 disappearance: 


“~~ 

C,F6S " ae cy | w CyF 6 (6) 
“nN 

n CFS ———- polymerisation (8) 

“Aw “~~ 

C,F,S + C.Fy — > polymerisation (9) 


The two reactions leading to polymerisation are small compared to the 
So producing reactions. 

Sulfur formation in this reaction is probably due to (a) 
third body recombination and (b) reactions involving a short-lived 
sulfur adduct of C.F as a reaction intermediate. At preseni: there 
is no way of estimating the relative importance of these two steps 
although both reactions are probably taking place in this system, 

The reactions of sulfur atoms with CoF, have recently been 
observed (70) and here also no sulfur product was found. Teflon, 
resulting from the S atom-initiated polymerisation of CoF,, was, 
however, observed to be formed in the reaction. Perfluorocyclobutene 
was found not to undergo a similar polymerisation to any measureable 
extent. 

A rough estimate of the reactivity of Cake compared to 
cyclopentene may be made from the data on the addition of co¥ to the 
COS-cyclopentene system. Addition of a seven-fold excess of 


perfluorocyclobutene resulted in a ca. 20% decrease in the yield of 
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CsHgS products. This would indicate that CLF 6 is at least 25 times 
less reactive toward sulfur atoms than cyclopentene. This dramatic 
decrease in the reactivity is not unexpected in view of the inertness 
of the C-F bonds towards insertion and also the decreased reactivity 
of the ff system as a result of the electron-withdrawing effect of 


the fluorine atoms. 
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CHAPTER IV 


REACTIONS OF SULFUR ATOMS WITH CHLORINE CONTAINING COMPOUNDS 


A. Reactions of sulfur atoms with vinyl chloride 
i Results. 
i te Discussion. 

B. Reactions of sulfur atoms with cis and trans <= 


1,2-dichloro ethylenes. 


is Results. 
it. Discussion. 

CG. Reactions of sulfur atoms with chloro alkanes 
“ha Results. 


it Discussion. 
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RESULTS 


A. Vinyl Chloride 

When carbonyl sulfide was photolysed with vinyl chloride, in 
low conversion runs, two gas chromatographically separable products were 
formed with relative retention times 1.00(1I):1.19(II) on an 8 foot 
T.C.P. column. The products were shown by their mass spectra each to have 
a molecular weight of 94. 

Compound I was found to be a chlorovinyl mercaptan. However since 
it was a minor product, its exact structure could not be determined. This 
compound may possibly be a mixture of two mercaptans, cis and trans-2- 
chlorovinyl mercaptans, C1lCH=CH-SH. 

Compound II was identified as the vinyl chloride episulfide. 

The product rates, as a function of vinyl chloride pressure, 
are shown in Table XI and Figure 16. It is seen that the products increase 
with increasing substrate pressure and reach a maximum value at substrate 
pressures greater than 300 torr. The ratio R(mercaptan)/R(episulfide) is 
pressure dependent, reaching a limiting maximum value of 0.19 at high 
pressures of vinyl chloride. The rate of formation of CO decreases with 
increasing olefin pressure and at the highest pressure used (772 torr) 
it is seen to fall slightly below RCO) /2. This decrease to a value some- 
what less than R(CO) /2 is probably due to competitive light absorption by 
the vinyl chloride in this high pressure region. 

The product rates were also studied as a function of added CO, . 
Table XII and Figure 17 show the same type of effect observed for all 
olefins. The episulfide increased with co, pressure while the mercaptan 


yield remained constant up to 1000 torr of added co, and then began to 
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TABLE XI 


VARIATION IN PRODUCT YIELDS WITH VINYL CHLORIDE PRESSURE 


a 
IN THE COS - VINYL CHLORIDE SYSTEM 


Rates, ymoles/30 min. 


RR A RR RR RR ER YE EERE" RES 
ee — al 


P(C)H3C1) O b Total CVM: i an 
torr co co - CO C.V.M. ES C2H3C1S ES Recovery ” 
44.8 4.53 2.90 0.13 0.92 1.05 0.14 36 
74.9 4.43 3.09 0.17 ead 1.38 0.14 45 
101.2 4.25 3.18 0.19 Leon, 1.46 0.15 46 
152.53 4.02 3.41 0.22 1.35 Lead, 0.16 46 
53.03 3.84 3.59 0.24 be 1256 0.18 44 
609.2 3.56 3.87 0.27 1.44 Leal O-L9 44 
772.0 3.44 oA fe 0.27 1.43 1.70 0.19 43 


a. P(COS) = 100 torr: Exposure time = 30 min. 
b. Chlorovinyl mercaptan. 


c. In terms of R° (CO) -R(CO) . 
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TABLE XII 


VARIATION IN PRODUCT YIELDS AS A FUNCTION OF ADDED CO, PRESSURE IN 


a 
THE COS - VINYL CHLORIDE SYSTEM 


Results ,ymoles/ 30-0 min. 


P(CO2) F 
torr CO CO -CO mercaptan episulfide 
0 3.10 3.07 Un19 lie 
295 3,01 36.16 O23 0) 
27 3.64 3419 0.25 Hey OA 
945 3.74 3.09 0.24 | 1.96 
1366 3.74 3.09 Os Jha i 


a. P(COS) = 100 torr; P(CjH3C1) = 235.5 
b. In terms of R° (CO) -R(CO). 


) 
c. R (CO) = 6.83 : moles. 
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60 
62 
71 
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98 
decrease. The yield of the mercaptan can be reduced to nearly zero with 
a higher co, /vinyl chloride ratio. A mixture of 150 torr vinyl chloride 
and 1200 torr co, resulted in a suppression of the mercaptan yield to less 


than 2%. The total yield of products was found to increase with added 


CO,, reaching a value of 70% as compared to 45% obtained in the absence 
of CO). 

In an attempt to determine the effect of an electronegative 
substituent, such as a chlorine atom, on the reactivity of the molecule 
towards sulfur atoms, the relative rate of reactivity of the 5 (PP) atom 
towards vinyl chloride and propylene was measured. A large excess of 
he was used to produce the SCP) atoms, by collisional deactivation of 
s('D) atoms. The relative reactivity was measured by observing the 
SP) atom reaction with a mixture of vinyl chloride and propylene. 

The reaction mixture consisted of 50 torr COS, 30 torr 
propylene, 150 torr vinyl chloride and 1200 torr CO). The results of 
these experiments are given in Table XIII and Figure 18 which shows 
the results of a time study on this reaction mixture. From the slopes 
of the lines in Figure 18 it is calculated that the formation of products 
per pmole of CO is 0.33 moles for vinyl chloride episulfide and 0.34 
pmoles for propylene episulfide. The relative rate constant ratio is then: 


k(S + C3Hg)/k(S + CyH3Cl) = 5.0 


In order to make the results more meaningful a comparison between vinyl 
chloride and ethylene rather than propylene is made. 

The relative rate for the reaction of s(>P) atoms with ethylene 
and propylene has been previously measured (77) and the reactivity 
found to be propylene/ethylene = 6.8. Using this value, the value for the 


3 
relative reactivity of S( P) atoms towards vinyl chloride and ethylene is 
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TABLE XIII 


PRODUCT YIELDS IN THE VINYL CHLORIDE- PROPYLENE SYSTEM 


Yield in wmoles 


Time co R (CO)-R(CO) : ; VCES” PES© PES x 5 
10 2.25 1.75 0.70 0.77 3.85 
10 2.16 1.84 0.71 0.75 3.75 
15 Cab 2.89 1.13 1.08 5.40 
20 4.15 3.85 1.46 1.40 7.00 
30 6.07 5.90 2.17 2721 11.05 
40 8.00 8.00 2.66 vi ye) 13.60 


C2 
io) 
1d) 
i} 


50 torr., vinyl chloride 


Q 
je) 
Il 


1190 torr., R ( CO) = 24. 
Vinyl chloride episulfide. 
Propylene episulfide. 


oO 
In terms of R (CO)-R(CO). 


99 


d 
% Yield 


84 
79 
76 
74 
74 
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= 150 torr., propylene = 30 torr 


12 pmoles/hour. 
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= 1.4. It can be seen that vinyl chloride is appreciably more reactive 
towards S(°P) atoms than is ethylene. This is a mimimum value for this 
ratio in view of the fact that although ethylene episulfide can be obtained 
in yields approaching 95%, the optimum yield for vinyl chloride 


episulfide under the same conditions is around 70%. 
DISCUSSION 


The primary products formed in the reaction of sulfur atoms 
with vinyl chloride are vinyl chloride episulfide and 2-chlorovinyl 


mercaptan. The primary reactions can be written: 


1 
cos + hv . 3 Cura +o 380d) (1) 
1 
S( D) + CjH3C! = CH, -CHCL (2) 
eee 
s(tp) + CoH3C1 > HS -CH=CHC1 (3) 


The G.C. peak corresponding to the mercaptan could not be 
resolved and it is not known whether this peak is only one mercaptan or 
a mixture of the cis and trans forms of the 2-chlorovinyl mercaptan. 
Both cis and trans isomers are formed in the COS-vinyl fluoride system (70) 
but it is not necessary that the same reactions occur in the COS-vinyl 
chloride system. The larger chlorine atom may markedly change the 
mercaptan product distribution. 

Figure 16 shows the product distribution as a function of vinyl 
chloride pressure; the reaction proceeds in a manner characteristic of 
all COS-olefin systems. The CO yield decreases with increasing substrate 
pressure. At the same time there is an increase in the rate of production 
of sulfur-containing products. When all the initially produced sulfur 


) 
atoms are scavenged R(CO) reaches a value of R (CO)/2 and the rate of 
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product formation reaches a constant maximum value. 

The reactions of sulfur atoms with hydrocarbon olefins show 
essentially the same quantitative features for all the olefins;studied. 
Two general features are (a) product yields are found to vary between 
ca. 70 to 95% and (b) R(M)/R(E) varies from ca. 0.50 to 1.00. The 
COS-vinyl chloride system differs in that the optimum yield observed 
in the reaction is 46% and the maximum value for the ratio R(M)/R(E) 
is 0.19. There are several factors that could be responsible for 
this change from the hydrocarbon systems. One possibility is the 
decomposition of the 2-chlorovinyl mercaptan. Loss of this product would 
result in a decrease of both of these values. 

Saturated f-chloro mercaptans are shown to decompose by HCl 
elimination (114). The low mercaptan yields may result from the following 
decomposition: 

HS-CH=CHC1* > HCl + C,H,S (4) 
The sulfur adduct, CjH»)S may be similar to that proposed in the reaction 
of s('D) with acetylene.  /NocQ 5H 9S’ product::could:.be isdlated sin the COS- 
acetylene system, indicating that this adduct does not result in a 
stable product. In the acetylene system this intermediate leads to 
polymerisation and this is probably its fate if formed in this reaction. 

The instability of the mercaptan product is also indicated by 
the CO, study, the results of which are shown in Figure L777 *SLtrean*bhe 


seen that with increasing CO, pressure the episulfide rises and the 


2 
mercaptan yield, at high CO, pressures, decreases. Unlike the hydro- 


carbon olefin systems, however, the mercaptan yield first increases 


slightly with co, pressure and then at pressures greater than ca. 1000 
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torr of added CO, it slowly decreases. Even though added CO, results in 


z 2 
s¢‘p) to s(?P) conversion, (and mercaptans are formed only from S( D) 
atoms), the mercaptan formation increases slightly. This indicates that 
£0; functions first to stabilise collisionally the initially formed hot 
mercaptan. At the maximum of the curve the additional stabilisation by 
the CO, is just equal to the decrease in mercaptan formation from the 
stp) to s(>P) conversion. With additional CO, the mercaptan yield 
decreases and approaches zero at very high CO, pressures. 

A second factor that may be responsible for the low R(M)/R(E) 
ratio is an increased efficiency of vinyl chloride in bringing about 
electronic relaxation of s(‘p) atoms to s(°P) atoms. If vinyl chloride 
is more efficient in this process then, since S(°P) atoms can react to 
produce only episulfide, the ratio R(M)/R(E) would be lower than in 
other cases. 

The overall yield of products is seen to increase from 46% to 


70% when 1350 torr of CO, is added to the reaction system. This increased 


2 
yield is partly due to increased stabilisation of the hot episulfide formed 
but mainly arises from increasing the rate of S(°P) atom reactions, which 
are less exothermic, relative to the s(‘D) reactions. It has been shown 
that thiodimethylene radicals add to double bonds resulting in polymeris- 
ation (26). In the absence of CO») singlet sulfur atoms add to vinyl 
chloride producing hot episulfide molecules. These, if not stabilised, 


may undergo ring opening from C-S bond rupture and the biradical formed 


may react with substrate molecules resulting in polymer formation. 


i] 
S( D) + G2H. Cl — CH,-CHC1* — S-CH,-CHCl (5) 
Zed 2 . 2 Oo 
~ / 
S 
*S-CH, -CHC1 + CoH3C1 > C1HC-CH, -S-CH, -CHC1 t» 16) 


C1HC-CH)-S-CH»-CHCl + h CoH3Cl — polymer (7) 
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Addition of CO, results in reaction of s(7P) rather than s(p) atoms with 
vinyl chloride. The episulfide product has 26 kcal/mole less energy when 
formed by e¢ P) atom addition and is therefore more easily stabilised. 
The biradical addition reaction resulting in polymerisation is also 
decreased when CO) is added since CO) will enhance ring closure of the 
biradical. 

Recent studies have shown that s(>P) atoms react with mono- 
olefins in the following order of relative reactivity: ethylene < propylene 

< 1l-butene < trans-2-butene < isobutylene < 2-methyl-1l-butene (77). 

The electron-releasing alkyl groups enhance, by induction, the electron 
density of the double bond in each of these olefins, making it more 
susceptible to attack by electron-seeking or electrophilic reagents. 
Since the order of reactivity of s(°P) atoms follows the increased electron 
density of the 77-system, s(3P) atoms are regarded as electrophilic 
reagents. Other members of the oxygen group of elements show similar 
electrophilic character, namely 0(°P) (100) and Se(P) (55) atoms. 

Since electron-releasing groups increase the reactivity of a 
molecule towards S(°P) atoms, it would be expected that groups showing a 
negative inductive effect would exhibit the opposite effect. Halogen 
atoms are known to be electron-withdrawing groups and have been shown to 
decrease the reactivity of benzene towards electrophilic substitution. 
Replacement of a H-atom of ethylene by a chlorine atom would therefore be 
expected to result in a decreased reactivity towards s(°P) atoms. The 
results are contrary to this reasoning as vinyl chloride is found to be 
1.4 times more reactive with s(°P) atoms than ethylene. The same trend 


3 | 
in reactivity was also found for the reaction of Se( P) atoms with vinyl 
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chloride (55) where the relative rate of reactivity was found to be 
k(Se + vinyl chloride)/k(Se + ethylene) = 1.3. 

These results show quite conclusively that the reactivity of a 
molecule cannot be predicted simply on the grounds of the electron 
density of the q[-system of the double bond, although in the hydrocarbon 
olefin system this general hypothesis seems to hold true. Since the 
reaction deals with electrophilic or electron-seeking reagents, the 
reactivity of a molecule should be considered from the point of its overall 
basicity or ability to give up electrons. Quantitatively, the ease with 
which a molecule will give up an electron is a function of the ionisation 
potential of the molecule. Table XIV lists the ionisation potentials for 
a number of olefins that have been studied in the COS-olefins systems. It 
is clearly seen that, on the basis of ionisation potential, vinyl chloride 
would be expected to be more reactive towards electrophilic reagents. A 
plot of ionisation potential vs. log k for s(?P) atom addition to olefins 
is shown in Figure 19. For the hydrocarbon olefins, very close correlation 
between reactivity and ionisation potential is found. The molecule showing 
the largest deviation from the line is vinyl chloride. It is noticed, 
however, that the predicted reactivity, based on the ionisation potential, 
is even larger than that actually observed in the reaction. This decrease 
in expected reactivity can now be attributed to the strong electron-with- 
drawing effect of the chlorine atom, moderated by the resonance hybrid 


~ +. 
structure H,C - CH = Cl, the contribution of which is ca. 6%. 
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TABLE XIV 


RELATIVE RATES OF ADDITION OF s(>P) ATOMS TO OLEFINS 


Olefin k rere T?P. ésg 
ethylene 1.00 10.62 
vinyl Gioride 1.4 9.995 
propylene 6.8 9.84 
1-butene 10 L940 
1-pentene 10 9.67 
cyclopentene 18 era 
trans-2-butene 20 9.27 
cis-2-butene 16 9.34 
isobutylene 50 9.26 
2-methyl-1-butene 56 9.20 


a. k rel. = k(S + olefin)/k(S + CyH,) 
values taken from reference (77). 
b. this work. 


c. values taken from reference (78). 
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B. 1,2-DICHLOROETHENES 


1. Static System 


Trans - 1,2-dichloroethene 


Photolysis of COS-trans-1,2-dichloroethene mixtures using the 
2490 A source at moderate total pressures resulted in the formation of 
CO and a dark-polymeric deposit on the cell. No volatile sulfur- 
containing products were found. When CO, was added to the system a 
condensable fraction was isolated and resolved by G.C. into two components 
of relative retention times 1.00(1):5.30(II) on a 0.5ft. T.C.P. column. 
Both compounds were shown by mass spectral analysis to correspond to 
isomers of the formula CH Cl9S. Since episulfides are the only major 
products arising from the photolysis of COS-C0O,-olefin systems, I and II 
can only be geometrical isomers of the episulfide of 1,2-dichloroethene. 
By analogy with results obtained in the COS-CO)-1,2-dichloroethene system 
and the COS -CO, -2-butene system (26) the trans structure has been 
assigned to I, and the cis to II. The trans episulfide represented ca. 90% 
of the total products (as compared to 98% in the COS-CO,-trans-2-butene 
system (26) ). Product yields, calculated in terms of R° (CO) -R(CO) , 
increased with co, pressure, to ca. 60 - 80%. 

Cis-1,2-dichloroethene 

As in the case of trans-1,2-dichloroethene, condensible products 
were not observed unless a large excess of CO) was present. Experiments 
were performed using the Hg-arc source. Two products were formed, which 
eluted at the same time as those formed in the COS-CO,-trans-1,2-dichloro- 
ethene system, and by similar reasoning, product II, which represented 
ca. 80% of the total products, was taken to be the cis isomer and I 


the trans isomer. Product yields were ca. 10-20% at high pressures of CO, _ 
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2. Flash photolysis-kinetic mass spectrometry. 


The reaction of sulfur atoms with trans-1,2-dichloroethene 
was also studied by flash photolysis-kinetic mass spectrometry. The 
reaction cell contained 400 microns of COS and 800 microns of trans- 
1,2-dichloroethene. The appearance and decay of mass 128, corresponding 
to CyHyCly Ss, was monitored and the results are shown in Figures 20- 
24. The signal has been corrected to account for the normal bleed-out 
of products through the leak. Unlike the signal obtained for a stable 
product (Figure 25), i.e., levelling off to a stable maximum, the signal 
for CjH»Cl5S rises rapidly to a maximum, decays very rapidly to a value 
somewhat less than the maximum and then remains constant with time. 
Furthermore, the rapidly decaying signal, between the maximum and 50 milli- 
seconds, is less pronounced with each successive flash as indicated in 
Figures 20-23. 

DISCUSSION 

The reaction of s(t) atoms with 1,2-dichloroethene fails to 
produce a stable volatile sulfur containing product in either the static 
system or the method of flash photolysis-kinetic mass spectrometry. The 
latter method is, however, capable of detecting a short-lived CyH»C1l5S 
adduct which disappears rapidly by decomposition to smaller fragments or 
by further reaction with formation of a higher molecular weight product. 
The persistence of the 128 signal, after the initial rapid drop cannot 
be due to a free stable CjH)CljS product but may be due to a cracking 
fragment of a new product. This new product must contain at least one 


CyH,ClyS fragment plus one or more CjH7C19S or CjH2Clo groups. 
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Fig. 20 Mass 128. CoH2CloS 


First signal. 


10.0 Milliseconds per div. 


Fig. 21 Mass 128, CoH9Clos5 


After several flashes. 
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Polymer formation is suggested by the change in the signal with 
successive flashes. The first flashes (Figures 20 and 22) show a sharp 
drop in the signal after the initial peak signal. After several flashes 
(Figures 21 and 23) this decrease becomes less pronounced. The total 
signal appears to be made up of two components shown in Figure 25a. The 
primary signal is due to the intial formation of CyH,Cl5jS and decreases 
rapidly as the product polymerises. The secondary signal is produced 
by cracking of the polymer formed in the reaction. The phenomenon 
observed with successive flashes must therefore be due to an additional 
secondary signal caused by removal of solid from the cell wall by the 
high intensity photolytic flash. 

The overall reaction of sulfur atoms with 1,2-dichloroethenes, 


in the static system, must include the following steps: 


cos + hv —- co +S (in) (8) 
S cp) + CoH Clo +  C1HC-CHC1* (9) 
C1LHCG-CHC1* + M = c1Hg- CHC! +M (10) 
~ cig CHC (11) 
ore 
C1HC-CHC1 + CoHCl, ~» polymer (12) 
S. 


Addition of CO, (static system) is found to aid in the formation of 


stable products, probably due to the following additional reactions: 


i 3 
S( D) + co, +> S( P) + co,,* (13) 
3 
S( P) + 'C,H,Cl +>  ClHC-CHC1 (14) 
vit ony) &, 
C1HC-CHC1 + CO5 > C1HC-CHC1 + CO» (15) 
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Fig. 25a. Components of the C9H2C12S Signal. 
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Step 9 is ca. 85 kcal./mole exothermic and unless stabilised immediately 
this product may easily open to the biradical and undergo further reaction. 
Addition of S(?P) to the double bond results in a lower exothermicity of 
ca. 60 kcal./mole and product stabilisation is enhanced by the presence 
of a large pressure of inert gas. 

In the presence of a large excess of CO, ; previous studies 
have shown that the reactive species is s(>p) and reaction with olefins 
results in episulfide formation only. The reaction of s (7p) with 1,2- 
dichloroethenes shows definite stereospecific behavior; only one major 
product is formed with each substrate. Configuration is retained to the 
extent of ca. 90% with the trans compound and ca. 80% with the cis 
isomer. While product yields with trans-1,2-dichloroethene are relatively 
high (60 - 80% in terms of R (CO) -R(CO) ), the yields for cis-1,2- 
dichloroethene are only 10-20%. This low yield may be due to: (a) increased 
reactivity of the cis biradical or (b) instability or cis-1,2-dichloro- 
ethene SeTaurrrde. It is important to note, however, that rotation 
about the C-C bond is a slow process, as revealed by the small amount of 
trans-1,2-dichloroethene episulfide formed from the reaction of s(?P) 
with cis-1,2-dichloroethene. The observations are illustrated in the 


following sequence of elementary steps: 


3 a 
S( P) + ClHC=CHClL —» Gl AsGEC) (16) 
x 
C5H)C15 b 
polymer — \ — L/S re (17) 
j Ss. c S S 
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The initial formation of a triplet biradical, from addition of s(7P) to 
the double bond, is required by spin conservation. Three reaction paths 
are then open to the biradical: (a) ring closure yielding the 
episulfide, (b) isomerisation and (c) reaction with substrate resulting 
in polymer formation. 

The high yield of trans-1,2-dichloroethene episulfide from 
trans-1,2-dichloroethene indicates large values for kg and Mkj while 
k, must necessarily be small. 

With cis-1,2-dichloroethene the product yield was found to 
be quite small (10-20%), although cis-1,2-dichloroethene episulfide 
was the major component (80%) of the products. This necessarily sug- 
gests that kb and Mkqd are small and that kj is large. The fact that 
cis-1,2-dichloroethene episulfide is the major product of this reaction, 


must mean that k, (rotation) is also small. 


Stereospecificity of the addition of Ss (3P) atoms to cis and 
trans-1,2-dichloroethylenes. 


The earlier proposed concept that the stereospecific addi- 
tion of a divalent species is dependent on the spin state of the 
species is invalid in the case of s (>P) addition, as indicated by the 
apparent stereospecific addition of this triplet species. Retention 
of configuration is observed for both isomeric forms of 2-butene 
(26), 1,2-difluoroethylene (70), and 1,2-dichloroethylene. 

Skell and Woodworth (20) put forward initially, the concept 
that stereospecific addition of singlet methylene resulted from an 
insertion into the 1 bond of the olefin via a three-center mechan- 
ism with simultaneous bond formation to both of the olefinic carbon 


atoms. Furthermore it was suggested that triplet addition resulted 
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in formation of an initial triplet biradical in which rotation about 
the C-C bond has a low energy barrier. Spin inversion was believed to 
be much slower than rotation thus accounting for the apparent non- 
stereospecific addition of triplet methylene. 

Benson and DeMore (7) are of the opinion that the detailed 
mechanism must include formation of a short-lived biradical as the 
initial step for both singlet and triplet methylene addition. The 
degree of stereospecificity is then determined by the rate of ring 
closure vs. the rate of rotation about the C-C bond. They calculated 
that for a trimethylene biradical containing 32.7 kcal./mole excess 
energy (triplet addition), ring closure is faster than rotation by 


aA -tactor’ of 109-8, 


Singlet addition, due to the larger excess energy 
in the biradical, should exhibit even faster ring closure. These 
authors feel that there is as yet no convincing evidence that addi- 
tion of triplet CH, to olefins is less stereospecific than addition 
of singlet CH,. Gaspar and Hammond (16) disagree with Benson and 
DeMore claiming that even with a highly excited trimethylene biradical 
the rate of rotation should at least equal the rate of cyclisation. 
As relaxation of the radical occurred the rate of rotation should 
exceed the rate of cyclisation. They estimate that the barrier to 
rotation should not exceed 3 kcal./mole thus making the rotation a 
very favorable process. Gaspar and Hammond believe that stereo- 
specific addition demands simultaneous formation of two bonds. 

The stereospecific addition of s(>P) atoms must favor the 
hypothesis of Benson and DeMore in that a competition between ring 


closure and rotation about the C-C bond determines the products re- 


sulting from the initial triplet biradical. Ring closure in the case 
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of thiodimethylene biradicals (-SCH,CH)- ) has been shown to be a 


rather slow process. Photolysis of ethylene episulfide in the presence 
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of ethylene was found to yield small amounts of tetrahydrothiopene (26). 


CH» -CH + ho + -S-CH, -CHy: (19) 
Ne 
S 
‘S-CHy-CHy + CH, = CH, > i) (20) 
S 


The most obvious reaction to account for the tetrahydrothiophene forma- 


tion would be addition of thiodimethylene biradicals to ethylene. A 
similar addition of -:S-CH)-CHj: to acetylene was observed. 


From the Rice-Rampsberger-Kassel relation 
k = A(E-E,/E)°"! (21) 


the low exothermicity of the addition reaction (E probably less than 
10 kcal./mole) together with a ring strain for thiacyclopropane of 

9 kcal./mole (81) (resulting in a high E,) indicates a low value for 
the rate constant for ring closure. 

The above arguments strongly suggest that thiodimethylene 
biradicals have a long lifetime, and therefore the observed stereo- 
specificity of the S (P) addition cannot be due to the facile nature 
of ring closure, but rather to the slow rate of rotation. 

The slow rate of rotation may be due in part to the heavier 
sulfur atom, as compared to CH) or the O atom, where non-stereo- 
specific addition of these latter species in their triplet states 


was observed. 
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A barrier to rotation may also arise from the interaction 
of the vacant d orbital of the sulfur atom with the p electron. on 
the carbon atom. This effect would not be possible for CH, and O atom 
since d orbitals are not available for these species. 

The apparent large barrier to rotation also suggests that 
the unpaired electrons on the initial triplet biradical are not comp- 
letely independent of one another and that there may be an interaction 
between the two p orbitals. Benson and DeMore as well as Gaspar and 
Hammond treat the trimethylene biradical as two independent doublets 
with no interaction between the two unpaired electrons. They estimated 
the potential barrier to rotation to be about 3 kcal/mole. 

Crawford and Mishra have recently studied the pyrolysis of 
a series of l-pyrazolines and have established that expulsion of N, 
results in the formation of trimethylene biradicals, (82). The nature of 
the products, however, indicate that the two terminal carbons are 
influenced by each other and calculations have been made to estimate 
the strength of the influence. The calculations indicate that the 
interaction of the p electrons does not allow the 'biradical' to be 
a pair of freely acting radicals and further suggests a bonding energy 
of 8-12 kcal/mole. It has been suggested that due to the proximity 
of the two carbon atoms, Pr-Pa bonding occurs, forming the species, 
m-cyclopropane. 

Hoffmann (83), from extended Huckel M. O. calculations, 
suggests that addition of CH») Ly to ethylene results in formation of 
a singlet biradical. Calculations of the potential surface of the tri- 
methylene system indicate that collapse of the biradical to cyclopro- 


pane faces increasing barriers to rotation of the terminal CH, groups. 


: A mary : 
Ny att 4h > ; 
er! | 4 sh i 
nolsosxeanl sds moxt cutee Yoo con patie pr setrsad A PME 

bay abe dts 7 
n0 exenale q ons d3tw moss od ” 4 3. vob x ae 


okies phi ue Bee 42 seein an 
GUORE, + 


mo3s 0 peo > a ‘gidteeoq sd 
s” ~ a 
esioege eneds y s08 oideliove jon S38 


gad? edeaoggue duke 20138302 od sobried gavel ein. ) mt ie ae a a 
Piet) | 
-qmoo jon 918 Iaokbeaid golqit3 isisiet aid a0 eqns 9 


nok sos79202 os dai tie ose st Me sindsonn so 86 Sagat ea ¢ 
asd as low 26 nvoliod bus aoamat veleatére q ows oda aeewaed an 
yay t 


re 


18q 


to aleyfoxyq ef3 betbuse yi 


ezeidyob snsbaoqsbnt ows 38 mage ons ixslsomta3 odd sees boomed u we 
me ; we, Geary wy 2 eet TE ay 
bessmiies yodT enoxioels benkagee se ‘ats aoowoed aoksapisiat on Atv zt ( 
re a: 
.sfom\Isod € “awods od oa nolte20x os r9iziad Istsme30q odd jong 
+ ie, loan 2m 
29303 ove sudeaM bam browses a4 vy 


K to motelugxe tec3 poaride2e9 pore on achat to 


S Ps 
Io syutsn offT (88) efsotbaxtd snolydacmix3 20 not dearx0% Prey nk | ; 
836 emodzs9 Isnteies ows oAv ae. es Se 9-48 a 
> pete "=a9 ? 
otamites 02 sbem aesd sya saptaaiuale> “s0d30 dome xd | Me 
ai ; bet Wiagid Pai at aha ALS fm 
y 


ty ae 
a 


edd jaa steotbei cosaivatae ait Apenel el odd 3 ? 
reer ts « 


oy 


od 03 ‘fsotbarid’ of wolis 190 gat enovsels q eda 20 nob: 
pan oe ner Oe a 


yarone — 8 nintehn rosa 70. ba fanabes aon 
satel a need eed 2! 


es = * aioe ed | 
>a ; ; 


ee 


120 


Although the spin state of the trimethylene will influence the life- 
time of the biradical Hoffmann feels that stereospecific addition is 
due to rotational barriers, caused by spin interaction, rather than 
to rapid ring closure of the singlet biradical. 

Calculations on the trimethylene biradical formed by addition 
of triplet methylene to ethylene show no rotational barriers but a 
freely rotating complex. This is consistent with the non-sterospecific 
addition of triplet CH, to olefins. 

Due to the large size of the sulfur atom, triplet addition 
to the double bond, unlike triplet methylene addition, may result in 
a larger spin interaction of the two unpaired electrons thus result- 
ing in a rotational barrier. An additional barrier to rotation may 
result from steric effects involved in rotation about the C-C bond. 
This potential energy barrier may be greater than the 3 kcal/mole 
estimated for trimethylene. 

The total barrier to rotation for the triplet sulfur bi- 
radical may be greater than 10 kcal/mole. Addition of s(3P) to the 
double bond is exothermic by ca. 10 kcal/mole or less. This low 
exothermicity of the addition reaction may therefore be insufficient 
to overcome the rotational barrier and probably constitutes the major 


reason for the stereospecific addition of S(>P) atoms to olefins. 
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C. REACTIONS OF SULFUR ATOMS WITH CHLORO ALKANES 


Results 


Wi Methyl chloride 


A. Static System 


The photolysis of carbonyl sulfide with methyl chloride in 
low conversion runs, did not result in the production of any volatile 
sulfur-containing compounds. The only product of the reaction observed, 
other than CO, was a dark yellow solid deposited on the walls of the 
reaction vessel. The yield of carbon monoxide is shown as a function 
of methyl chloride pressure in Table XV and Figure 26. The rate of 
CO formation drops very slowly and at a pressure of 460 torr methyl 
chloride (methyl chloride/COS ratio = 4.6) the rate of CO formation 
has dropped only by 23% of the value obtained when no halide is present. 
This would correspond to a consumption of 46% of the initially pro- 
duced sulfur atoms. The production of CO at this point is still far 
above the R° (CO) /2 value and from Figure 26 it can be seen that a 
pressure of methyl chloride far above 1000 torr would be needed to 


bring R(CO) to a value of R°(CO)/2. 


B. Flash photolysis-kinetic mass spectrometry 
A mixture of COS (400 microns) and methyl chloride (800 


microns) was flashed and a signal at mass 82 was obtained. This 
signal, shown in Figure 27, corresponds to a CH,C1S product. Although 
the signal contained a considerable amount of background noise it 
showed a definite decrease with time indicating that the product 
producing it was not stable. This result is consistent with the 


lack of a CH3C1S product in the static system. 
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TABLE XV 
VARIATION OF PRODUCT DISTRIBUTION AS A FUNCTION OF 
ESE ——————————E— ee 
| 
METHYL CHLORIDE PRESSURE IN THE 


COS - METHYL CHLORIDE SYSTEM® 


Rates,  wmoles/30 min. 


P(CH3C1) 
torr co Volatile Product 

0 9.60 none 

24.3 9.46 = 

53.4 8.82 = 

104.0 8.42 - 
eOZ> 8.20 = 
304.1 Jeu) = 
460.6 7590 = 
* p(cos) = 100 torr, 


Irradiation time = 30.0 min. 
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fae Chlorodif luoromethane 

Photolysis of carbonyl sulfide with chlorodifluoromethane 
resulted in observations similar to those found for methyl chloride. 
No volatile product other than CO was found and, unlike methyl chloride, 
no solid other than elemental sulfur was formed in the reaction. 

The rate of CO formation vs. substrate pressure is shown 
in Table XVI and Figure 28 and is seen to decrease with pressure even 
more slowly than in the case of methyl chloride. At a ratio of chloro- 
difluoromethane/COS = 5.0 the R(CO) value has dropped only by ca. 17%. 
No products other than those found in the photolysis of pure COS were 


found in this reaction. 


Ethyl Chloride 
The photolysis of ethyl chloride with COS produced two 


sulfur containing products with relative retention times of 1.00 (I) 
10.00 (II) on a 4 ft. T.C.P. column. Product I was identified by mass 
spectrometry ad. by comparison of its G.C. retention time with an 
authentic sample to be ethylene episulfide. The second sulfur contain- 
ing compound was identified as 2-chloroethyl mercaptan. This product 
was identified by comparing its G.C. retention time with that of an 
authentic sample. The sample of 2-chloroethyl mercaptan was synthe- 
sized by photolysis of a mixture of H,S and vinyl chloride. The re- 


action proceeds mainly by terminal addition of HS to vinyl chloride, 


HyS + hd ace ee ea (22) 
H + HS = H + 45S (23) 
HS + CH» = CHCl = HS-CH)-CHC1 (24) 


HS-CH)-CHCl + HS HS-CH)-CH2C1 + HS (25) 
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TABLE XVI 
VARIATION IN PRODUCT YIELD AS A FUNCTION OF 


CFjHC1 PRESSURE IN THE COS - CHLORODIFLUOROMETHANE SYSTEM® 


Results, wmoles/30 min. 


P(CF,HC1 

torr ) co Volatile Product 
0 7.26 none 

48.5 6.94 = 

156.6 6.54 = 

SL0<5 6.00 - 

a 
P(COS) = 100 torr, 


irradiation time = 30.0 min. 
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The retention time of the 2-chloroethyl mercaptan produced in this 
manner was found to be identical to product II of this reaction, on 
a 4 ft. tricresylphosphate column. 

Quantitative analysis was performed only for the carbon 
monoxide. Table XVII and Figure 29 show the production of CO as a 
function of ethyl chloride pressure. The rate of CO formation is 
seen to drop quite rapidly and at high substrate pressures it seems 
to level off at a value slightly greater than R°(CO)/2.. The 2- 
chloroethyl mercaptan was not found at low pressures of substrate 
and even at high pressures of ethyl chloride (1000 torr) it was 
formed only in very small yields (ca. 2-3%). The ethylene episulfide 
could not be measured as its separation from the ethyl chloride could 


not be done quantitatively. 


Tertiary-Butyl Chloride 


The reactions of sulfur atoms with tertiary-butyl chloride 
resulted in the formation of a gas chromatographically separable 
product. The mass spectrum of this product shows only a small peak 
at mass 124, the next peak being at mass 88. Mass 124, corresponds 
to a C,HgSCl product, i.e., a sulfur insertion product of tertiary- 
butyl chloride. Only two isomers of this product are reasonable for 
the reaction of s(‘p) atoms with tertiary-butyl chloride. They are 
2-chloro-2-methyl-propane-l-thiol and tertiary-butyl sulfenyl chloride. 
N.M.R. analysis of this product (Figure 30) shows three distinct groups 
of protons. This eliminates the possibility of the product being the 
sulfenyl chloride as its spectrum should show nine equivalent protons. 


The 2-chloro-2-methyl-propane-1l-thiol does have three types of protons 
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TABLE XVII 
VARIATION IN PRODUCT YIELDS AS A FUNCTION OF ETHYL 


CHLORIDE PRESSURE IN THE COS - ETHYL CHLORIDE SYSTEM* 


Result, pmoles/30.0 min. 


P(C2H5C1) Ethylene 
torr co HS -CH)CH»C1 episulfide 
0 Y eee 4s) None not 
measured 
Ly het 5.86 - 
99.9 els - 
206.7 4.79 = 
405.6 4.34 B. 
702.7 4.36 Trace 
1010 4.00 Trace 
a 
P(COS) = 100 torr, 


Irradiation time = 30.0 min. 
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Fig. 30. Nuclear Magnetic Resonances 
methy!~propane-l-thiol 


Spectrum of 2~chloro-2= 
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2 -CHLORO-2-METHYL-PROPANE-1-THIOL 


Assignments (T) 


a. Vike) Ligh 
Bs 8.3) 


Cc. S.51, 8.58, “8.6957 and 78.70 


Relative intensities, a:b:c: 
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and is believed to be the reaction product. The N.M.R. spectrum, 
however, is not exactly that expected for the (-chloro mercaptan. 
Although the methyl and methylene protons seem to be properly assigned 
with the proper intensities, the S-H proton shows a quartet splitting 
rather than the expected triplet. The close proximity of the chlorine 
atom to the SH group, however, may affect the splitting thus giving 
the observed signal. 

It is important to note here that the product is definitely 
not a result of C-Cl insertion but must arise from C-H insertion. This 
argument is also supported by the cracking pateera observed for the 
product. HCl elimination is common for (s-chloro mercaptans and 
alcohols and the highest mass observed, besides the parent peak of 
124, was mass 88 corresponding to HCl elimination. 

The reaction product was found to be unstable towards the 
gas chromatographic conditions used, and its decomposition product 
was identified by mass spectrometry as isobutylene episulfide. 

No other sulfur containing products were observed in this 


reaction. 
DISCUSSION 


The initial step in the reaction of methylene with mono- 
chloroalkanes in the liquid phase has been reported to be a C-Cl in- 
sertion, (84, 85) while recent studies of the gas phase reaction of 
methylene with methyl chloride have shown that the initial reaction 
proceeds mainly by Cl abstraction (86). Carbon atoms have also been 
shown to insert into carbon-chlorine bonds of chlorinated hydro- 


carbons (112). Studies of the reactions of sulfur atoms, carbon atoms 
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and methylene have conclusively shown that these biradicals, in their 
singlet states, insert into C-H bonds. It is reasonable then to con- 
sider that the reaction of sulfur atoms with methyl chloride may pro- 
ceed by C-H insertion, C-Cl insertion and/or Cl abstraction. The 


following reactions can be written in considering the above possi- 


bilities. 
AH 

cos + hd = Co + Ss(*D) (26) 
s('D) + CH,Cl = HS-CH,C1* (27) -88 kcal/mole 
S("D) + CHjCl = CH3-S-c1* (28) -86 
s('D).4+ CH3Cl = CH3 + SCl (29) -13 

1 
S(D) + CH,Cl = CH3C1* + s(?P) (30) 

3 
BB CHC CCH mets Ye7 (31) +13 


The AH of each reaction, calculated from bond energies, is also 
shown. The feasibility of each of these initial reactions is now 
considered in light of the experimental observations. Step 27 de- 
serves first consideration in view of the reactions observed between 
som) Btoms and paraffins. Insertion of the sulfur atom into the 
C-H bond would produce a hot chloromethyl mercaptan having an excess 
energy of 88 kcal/mole. This product has not been reported in the 
literature and present knowledge of analogous compounds would indicate 
that chloromethyl mercaptan is not a stable compound at room tempera- 


ture. 


134 


Le 
¢ 


i 


Fi ‘ 
} 
baa ie! oi ‘ iy tec) a4 oat’ BL or. We 
AS j - 


sheds al coleotone opens sao gamecte eerie thts coved 


eAT soi sasidads {9 iain ae 19- Ps 


4 


“hewog — aap gals ‘abbenoa nk ng33izw os 89 ait 


ane | } “ mary? : 
i : *h , ; i¥ :| i : 
wa | ne Mae | 
(as) (aye 4 09 « (dt BOD 


stou\nesa @8-~ (Ks) | rp gistan : sos + whe 

38+ (8S) ‘kf-2-819 © 10eHD + @ 2 ae 

hae | UR oes ag 
tt (| ee a = dog +! +t» 
: cox) 040i sald . a ne, ye ertas 
: ‘) 1 > 
Efe (18) ee a * 980 + aby ee i“ 
| ’ a8, ih Zaye ’ oe a 


aids at ,eoigisse bnod mox2 boseluains .sortonen dose 20 HA. A 


pHa et at i oe 

won a en0kt2697 [eitink seeds io dos8 to abitdbesst edT  .sewod 

ih 2 haa 

eb hes gore -enolssvisado Lnsnemntvegee oat Ho fo 

, Vy j te e ; 
anne bovisedo mpelJoae. et 20 wary: as Tee — . 


ods ose mo38 wilve = to soharoent 


aasoxe MB + gave. at bgt 


aseothis Sie: eke 


hme ee ty vA 


133 


Among analogous oxygen compounds, chloromethyl alcohol has | 
been reported to exist only in equilibrium with formaldehyde and hydro- 
gen chloride (87). 

C1-CH» -OH — CHjO0O + HCl (32) 

Attempts at isolating the chloro alcohol have not been successful. 
This is also true in the case of dihydroxy methane. This compound 


exists only in an aqueous solution of formaldehyde, 


HO-CH» -OH —— CH2,0 + H,0 (33) 
and cannot be isolated as the pure product (88). 

Returning now to chloromethyl mercaptan, it must be con- 
cluded that, even if this product were fairly stable at room temper- 
ature, the initially produced hot adduct would probably have a very 


short lifetime and decompose by the following method. 


HS -CH» -C1* a HCl e. CH,S (34) 
Thioformaldehyde is known to trimerise immediately to give trithiane, 
a non-volatile solid, which may account for the solid formed in this 
reaction. The HCl would remain undetected as it is impossible to 
separate this product from the large excess of COS used in the reaction. 
Decomposition of the hot mercaptan by C-S and/or H-S bond rupture, as 
was observed in the s(+p) - methane system, does not occur here since 
products due to the fragments ‘CH,C1 and ‘SCH,C1l were not observed. 

Insertion of the s(1p) atom into the C-Cl bond would result 
in the formation of a hot methyl sulfenyl chloride, the reaction 
being 86 kcal/mole exothermic. Methyl sulfenyl chloride has been pre- 
pared and is described as a fuming orange liquid, very sensitive to 


heat and light (89). The chlorine atom of sulfenyl chlorides has been 
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described as extremely active and these compounds are known to add 
across olefinic double bonds in a dark reaction. They have also been 
reported to undergo visible photolysis in which the primary step is 

the cleavage of the S-Cl bond (90, 91). This strongly indicates that 

if C-Cl insertion occurs in this system, isolation of a stable 

sulfenyl chloride product would be essentially impossible. The product, 
if formed, would probably undergo S-Cl bond rupture and the recombina- 
tion of CHS radicals should result in formation of a stable and 


easily detectable product, dimethyldisulfide. 
CH3-S-C1* a CH3S, + Ci (35) 


This product was not produced in this reaction and it can be assumed 
with considerable certainty that C-Cl insertion does not occur in 
this system. 

Reactions 29 and 31, (i.e., abstraction of Cl), are also 
eliminated since no ethane was found in this reaction. 

Of all the reactions considered the only one compatible with 
the observations is step 27 followed by decomposition of the hot 
mercaptan to thioformaldehyde and HCl. The rate of insertion of 
sulfur atoms into C-H bonds of methane was found to be much slower 
than that for ethane or other paraffins. The slow rate of CO decrease, 
in the methyl chloride system, is in accordance with this observation, 
although the relative inertness of methyl chloride may be due to an 
increased efficiency for deactivating s(tp) atoms to s(?P), due to the 


substrate molecule possessing a large chlorine atom. 
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The inability to identify conclusively any of the reaction 
products, however, must necessarily leave some doubt as to the pri- 
mary reaction of scp) atoms with methyl chloride. In an attempt to 
test the possibility of reaction 27, the photolysis of COS was carried 
out in the presence of chlorodifluoromethane. If insertion into the 
C-H bond occurred the hot mercaptan would be expected to decompose 


in the following manner. 
HS-CF,-C1* oa CFoS + HCl (37) 


Since CF5S is a relatively stable product, dimerising only slowly, 

it could be detected as a reaction product. The results of this 
reaction, however, show that chlorodifluoromethane is an inert sub- 
stance. The only products formed were CO and elemental sulfur, 
products of the photolysis of pure COS. The presence of two fluorine 
atoms and one chlorine atom on the molecule appear to render the 
molecule inert towards reaction. The slow decrease in the rate of 
CO formation is due to deactivation of s(ip) to the ground state and 


increased recombination of s(>P) atoms. 


s('D) + CF,HCL —» s(P) + CFjHCL* (38) 
M 
SCR a (41 mista. 0? 84 (39) 


The reactions of sulfur atoms with higher alkyl chlorides 
continue to show a lack of C-Cl insertion while indicating that C-H 
insertion is the only primary reaction. The same arguments used for 
methyl chloride can be used here to suggest that C-Cl insertion does 


not occur: with ethyl chloride and tertiary-butyl chloride no 
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sulfenyl chlorides or decomposition products, such as disulfides, were 
observed. 

One further possibility cannot be overlooked. Although 
sulfenyl chlorides are known to react by S-Cl bond split, HCl elimi- 


nation could also be a possible decomposition path; 


R athe R 
R-C-CHy-S-Cl x pare: + HCl (40 
H 


This reaction, however, unlike the decomposition of chloro mercaptans, 


R x oll R 
R-C - CHCl = R-C-CH, + HCl (41) 
SH ‘f 


does not exhibit reversibility. (113, 93) 
Insertion of s(1p) atoms into C-H bonds of alkyl chlorides 
is conclusively indicated from the reaction products observed with 


ethyl chloride and tertiary-butyl chloride: 


* 
s(tp) + CH, ~-CH,-C1 ——+ HS- CH, -CH, -C1 (42) 
CH CH3 
1 * 
S( D) + ee ote ——— HS-GH2-¢-G1 (43) 
CH, CH, 


Both of these products have been identified in these reactions 
although they are produced in relatively small yields. The main 
fate of the initially produced hot @ -chloro mercaptans is decom- 


position to HCl and the corresponding episulfide. 
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* 
HS -CH.,-CH5-C1 a? CH, -CH + HCl (44) 
Z 2 Z 2 
Ny 
S 
CH, . ae 
HS-CH, -C-C1 —«d, CH, -C-CH + HCl (45) 
2 | 3 \/ % 
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CHAPTER V 


TRANSITION COMPLEXES INVOLVED IN THE REACTIONS 


OF SULFUR ATOMS WITH OLEFINS 


A. Reaction With Alkenyl C-H Bonds 

Addition of a large excess of CO, was shown to diminish the 
formation of mercaptans in the reaction of sulfur atoms with olefins. 
This effect is due to the efficient electronic relaxation of the s(+p) 
atom to the s(7P) state brought about by the CO,. That the CO, does 
not inhibit mercaptan formation by some process of pressure stabili- 
zation of the initial products is indicated by the lack of such a 
pressure effect in the COS-cyclopentene system (Fig. 7). These results 
therefore indicate that alkenyl mercaptans are formed from s(+p) atom 
precursors alone and that s(7p) atoms are inert towards the C-H bond. 

The reaction of s(1p) with the C-H bonds in olefins produced 
only one type of product; the corresponding mercaptan. No other 
products such as those which would be formed by recombination or dis- 
proportionation of alkyl radicals, were formed. The presence of HS 
radicals was not indicated (i.e., no hydrogen abstraction). These 
results clearly show that s(tp) atoms react with the C-H bond in one 
step without the formation of intermediate radicals. 

This reaction can only be described as an insertion type 
reaction; 
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Little is as yet understood concerning the transition state involved 
in the insertion process. As no free radical intermediates are in- 
volved in the reaction, such as insertion process would suggest simul- 
taneous formation of C-S and S-H bonds with a simultaneous breaking of 
the C-H bond. The transition state may be described as a three-mem- 


bered cyclic complex formed by insertion of s(tp) into the C-H bond. 


s('D) + Sc-H > Ce ee ee eS a2) 
A one-step direct insertion described by a triangular transition 
state was earlier proposed for methylene insertion into C-H bonds 
eye 

Recently DeMore and Benson (7) suggested that, for CH, 
reactions, insertion is best explained by attack of the CH, on the 


z 


H atom rather than on the electrons of the double bond. 


A \ or 
ee my eee Cio. a:H-Gei, ee _1C-H. CC — (3) 
/ N bs / 


Adduct B is equivalent to the recombination complex of radicals 
CH. and *C=. Bond formation could be accomplished simply by 

rotation of the radicals into a position favoring orbital overlap. 
The attractive potential between the loosely associated radicals 


is ascribed to partial contribution of ionic states such as; 
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This mechanism, however, does not distinguish between the electronic 
states of methylene and would suggest that insertion and abstraction 
depend only on the energetics of the reaction. The higher the energy 
content of the methylene the greater should be the probability that 
adduct B will fall apart into radicals. This is contrary to experi- 
mental results where the higher energy singlet CH, shows insertion 


while the lower energy triplet CH, shows only abstraction (115). Ring 


and Rabinovitch have recently suggested that triplet CH, may undergo 


6 
an insertion reaction (116), however this has not as yet been con- 
clusively shown. 

The above type of mechanism, proposed by DeMore and Benson, 
cannot explain the results of reactions of oxygen atoms with paraffins. 
Yamazaki and Cvetanovic (50) have shown that o(tp) atoms insert in- 
discriminately into C-H bonds while 0(7P) atoms, having 46 kcal/mole 
less energy, are found to only abstract. Insertion of 0(°P) atoms 
into C-H bonds would be only slightly more exothermic than stp) atom 
insertion. Therefore if 0(°P) insertion occurs, stabilization of the 
insertion product should be observed. This is contrary to experimental 
evidence which shows that triplet oxygen atoms only abstract H atoms 
from paraffins. 

There is as yet no convincing evidence that triplet species 
are capable of undergoing insertion reactions. On the other hand 
there is no doubt that singlet species insert indiscriminately into 
C-H bonds. The insertion reaction is, therefore, a characteristic of 
the spin state of the reacting species and must involve a spin-allowed 


insertion into the C-H bond with simultaneous formation of the two new 


bonds and. breaking of the C-H bond. 
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B. Reaction with Vinylic C-H Bonds 


Unlike the indiscriminate insertion of s(tp) atoms into 
alkenyl C-H bonds the reaction of s(1p) atoms with vinylic C-H bonds 
definitely favors formation of terminal vinylic mercaptans. No 
measurable non-terminal vinylic mercaptans are formed with propylene 
(71), 1l-butene or cis and trans-2-butenes (26), while terminal vinylic 
mercaptans are formed in essentially statistical amounts. The pre- 
sent work also shows that non-terminal vinylic mercaptans are minor 
products; the yield of cyclopentene-1l-thiol being ca. 5% for cyclo- 
pentene and only trace amounts of cyclohexene-1l-thiol are formed in 
the cyclohexene case. This latter result is contrasted with the 
reaction of methylene with cyclohexene where the product yields were 
found to be: norcarane 40%, 3-methyl cyclohexene 25%, 4-methyl- 
cyclohexene 25% and l-methyl cyclohexene 10% (18). 

A fact which is immediately evident from the data is that 
vinylic mercaptans are formed only when the carbon atom on the double 
bond is bonded to two hydrogen atoms. This may lead one to suggest 
that two carbon-hydrogen bonds are participating in the reaction 
complex. This idea is, however, quickly dispelled when one considers 
that random insertion is observed for the tertiary C-H bond of 
isobutane (72). 

The large reactivity of the terminal part of the double 
bond, however, does suggest an orientation effect such as is observed 
for radical additions to the double bond. For this orientation 
effect to occur, however, the primary reaction must be with the carbon 


center of the double bond and not with the C-H bond. This then.- 
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necessitates that mercaptan formation arises from isomerisation of 


the initially formed singlet biradical: 


R': oH ee re uous ft Raat 
1 Nga/ \ J we eyed 
SCD) + CeC > C-C —-> C-¢ —> C=C (4) 
he /* \\ / FE je 
HeteHe ceHet/H H | H SH 
$ s 


Thermodynamically the isomerisation process should be possible. The 
exothermicity of the above reaction is about the same as that for 
addition of triplet oxygen atoms. Yet in the latter case extensive 
isomerisation and internal hydrogen migration as well as fragmentation 
occur. With the oxygen atom adduct the hydrogen migration has been 
suggested to be from one carbon atom to another (53), resulting in 
the aldehyde product. There seems to be no significant reason why 
hydrogen migration could not take place from the carbon atom to the 
oxygen atom resulting in a vinylic alcohol, which, owing to its 
inherent instability, would isomerise giving the required aldehyde. 
In the sulfur atom case the thiol is more stable than the aldehyde 
and the reaction would be stopped at the vinylic mercaptan stage. 
Although this argument is consistent with the results 
for olefins having terminal CH, groups, it does not explain the 
lack of vinylic mercaptan formation with the 2-butenes, cyclopentene 
and cyclohexene. Here addition to either ewiret the double bond 
should yield non-terminal vtay ite mercaptans due to the symmetry 
of the molecules. This problem can be resolved only by suggesting 
that energy dissipation from the reaction site is faster in the 


case of non-terminal addition than in terminal addition. If this is 
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so terminal addition will favor isomerisation while non-terminal 


addition will favor ring closure to the episulfide. 


C. Reactivity of Sulfur Atoms With the Double Bond 


The reactivity of sulfur atoms towards olefins is clearly 
suggestive of spin state reactions in which the type of reaction de- 
pends on the spin state of the atom. It is not unreasonable then to 
consider that the reactivity of s(tp) and s (OP) atoms may differ with 
respect to addition to the double bond. Before discussing possible 
transition complexes for the addition reaction it seems necessary 
first to review the existing literature on such addition reactions 
and later to compare these systems to the sulfur atom system. 

Extensive studies of the addition of radical reagents such 


as H, CH, and CCl. radicals to various aromatic, olefinic and acety- 


3 3 

lenic compounds have been carried out. The results show how the rate 
constants of addition depend on the atom localisation energies of the 
substrate and the steric hindrance caused by the presence of bulky 
groups attached to the reaction center. The atom localisation energy 
is defined as the energy required to localise a T electron on a 
particular carbon atom of a double bond. 

Jennings and Cvetanovic (94) observed that the rate of 
hydrogen atom addition to olefins did not vary much with alkyl sub- 
stitution on the double bond. Although a correlation with electron 
density of the double bond was not obtained a good correlation of log 
relative rate constant vs. localisation energy was observed. This 


indicates that reactivity is related to a particular reaction 


center rather than to the double bond as a whole. 
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Szwarc (95) reported a linear relationship between the loga- 
rithms of the methyl affinities and localisation energies for a series 
of aromatic compounds. Singlet-triplet excitation energies of the 
aromatic compounds were also found to correlate well with the observed 
methyl affinities. Singlet-triplet excitation energies are linearly 
related to the localisation energies as they both involve localisa- 
tion of a 7 electron on the carbon atom. 

Coulson (96) found a good linear correlation of the loga- 
rithms of ae rate constants of methyl addition with free valences 
and localisation energies, the last two quantities being linearly 
related between themselves for these hydrocarbons. 

That mono radical addition involves a specific carbon 
center was clearly illustrated by the effects of substituting a 
methyl group for a H atom on a reactive center. The relative rate 
constants for methyl radical addition to 1,3-butadiene and 2,3-dimethyl- 
1,3butadiene are 2090 and 2200 respectively while a decrease to 300 
is observed for 1,4-dimethyl-1,3-butadiene (97). This indicates 
clearly that the positions 1 and 4 of butadiene are by far the most 
reactive. 

From Table XVIII it can be seen that although the reactivity 
of H atoms correlates well with localisation energies, for CH, 
radicals cis and trans-2-butenes show a much lower reactivity than 
would be predicted from localisation energies. This must necessarily 
indicate a steric hindrance due to the methyl substituent on the double 
bond. A similar 'blocking' technique has been employed for elucida- 


ting the reactive carbon centers of large aromatic compounds (98). 
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TABLE XVIII 
RELATIVE REACTIVITY OF RADICAL REAGENTS 


WITH A SERIES OF OLEFINS 


Olefin H CH,” Localisation energy® 
ethylene pe) 1.0 LoooLe 
ethylene-F, - 10.0 a 

propylene 1.8 1.3 L250 
1-butene 1.9 130 1.9301 
iso-butene 4.4 7a 1.4854 
cis-2- | 

butene 0.85 0.08 1.5658 
trans-2 

butene Lag 0.15 1.5658 


a+ Ref. (94) 
b, Ref. (101) 
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The calculation of localisation energies involves the exchange 
integral 6 which depends on the extent of overlap of the two adjacent 
p orbitals of the double bond. Changes in the exchange integral Freee: 
fore should lead to corresponding changes in the methyl affinities. 
This effect is demonstrated by observing the reactivities of di- 


bisphenylene ethylene A and diphenyl-bisphenylene ethylene B (95). 


Sue See 
Siap cme 


A rel. k = 1370 B rel. k = 15 


The twisting of a double bond results in decreased overlap of the 

P eas therefore resulting in a lowering of the localisation 
energy. Compound A contains a twisted double bond while in compound 
B free rotation along the C-Ph bonds makes it possible to avoid such 
twisting. Szwarc has also observed that a stretched double bond 
results in greater reactivity than a normal double bond (95). 

The blocking effect of methyl. substituents as well as the 
general treatment based on the concept of localisation energy prove 
that the transition state in the radical addition reaction involves 
a particular carbon center and not the Tl -electron system as a whole. 

Szwarc (95) has proposed an energy diagram to illustrate 


many of the observations of radical addition to the double bond. 
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triplet A+R 


singlet-triplet 
Potential excitation energy 


Energy 


singlet A+R 


Reaction Coordinate 


Fig. 31. A potential energy - reaction coordinate 
diagram for reaction of radicals with 


olefins. 


The existence of an activation energy in a reaction implies that some 
remnttedite forces participate in the interaction involving the reaction 
partners. In the case of a radical this repulsive force is a coulom- 
bic force between the negative q{€-electron cloud of the olefin and 

the p electron of the radical. On the other hand a triplet state of 
the olefin (electrons localised on the carbon atoms) attracts a 
radical and the potential energy curve resembles that of a Morse 
curve. For a similar series of olefins reacting with the same R the 
shape of the attraction curve and the repulsion curve will remain 
constant and the point of intersection will be determined by the 
triplet-singlet excitation energy of the olefin. The potential energy 
difference between the singlet A + R plateau region and the point 

of intersection refers to the activation energy of the addition 


process. 
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From Fig. 31 it can be seen that factors which influence 
the repulsive curve should also influence the reactivity. Electron 
withdrawing groups on the olefin should therefore reduce the charge 
density of the r¢ -cloud and result in a flattening of the repulsive 
curve with a lowering of the activation energy. This prediction 
is confirmed experimentally. Tetrafluoroethylene was found to be 
10 times more reactive than ethylene towards methyl radical addi- 
tion (99). Chlorinated benzenes were also found to have larger 


methyl affinities than benzene (95). 


Unlike the radical reagents, species such as 0 (3p), Se(>P), 


Br, and CF, show a drastic increase in reactivity with increased 
alkyl substitution on the double bond thus exhibiting electro- 
philic behavior (Table XIX). Unlike the radical reagents the re- 
activities of electrophilic reagents do not correlate with locali- 
sation energies i. e., with parameters related directly to the 
carbon centers. Rather, the reactivities correlate more closely 
to parameters dealing with the double bond as a whole such as 
ionisation potentials and excitation energies. The rate control- 
ling process in these reactions therefore seems to involve polari- 
sation of the olefin resulting in perhaps a charge-transfer complex 
being formed in the early stages of the reaction. Cvetanovic (100) 
proposed a charge-transfer 11 -complex as the transition state for 
addition of 0(?P) atoms to olefins. An orientation of the o(P) 
atom was indicated although this was suggested to occur after the 


initial formation of the rate controlling 1 -complex. 


Stefani et al (101) observed a linear relationship between 


activation energy and ionisation potential for addition of CF, to 
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Olefin 


ethylene 
ethylene-Fy, 
propylene 
1-butene 
iso-butene 
cis-2-butene 


trans-2- 
butene 


Ionisation Excitation* 
o(3p)? Se (7p) . Br° CF, potential 7 energy 
1.0 1.0 1.0 1.0 10.62 ev 2.1498 -( 
units 
- 3 - O15 - - 

5.8 aes 18 2.8 9.84 2.0182 
8 Tl 23 3.5 9.76 2.0113 
15,0 44.7 384 7.6 9.26 1.9164 
23.0 Ae 95 0.60 9.34 1.9022 
4003 56 99 0.60 ee 1.9022 
Ref (100) 

Ref (55) 

Ref (104) 

Ref (101) 

Ref (78) 

Ref (103) 
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TABLE XIX 


RELATIVE REACTIVITY OF ELECTROPHILIC REAGENTS 


WITH A SERIES OF OLEFINS 
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olefins. They suggested that the electrophilic nature of CF, makes 
the polar structure olefint, CF, , important in describing the tran- 
sition state of the addition process. 

A potential energy diagram describing the reaction must 
contain a repulsive curve as postulated for the radical addition 
reactions and an attractive curve. The attractive curve in this 
case, however, must be electrostatic in nature to comply with 


the electrophilic nature of the reactive species. 


ole finhex tine 


Potential 
Energy 


olefin +R 


Fig. 32. Reaction Coordinate. 


An increase in the electron density of the -system will increase 
the slope of the repulsive curve, but this effect is counteracted 
by a decrease in the ionisation potential of the olefin thus reduc- 
ing the activation energy of addition. 

Although Szwarc, in an earlier paper (101), considered 
a ™ -complex as a transition state for the addition of CF, radicals, 
recently he has abandoned this idea in favor of the oO -complex 
suggested for radical reagents (102). Temperature studies indicate 
that a methyl or Cl substituent located on an olefinic hydrocarbon 
reduces the A factor of addition by ca. 5. This result is accounted 
for in terms of a restricted rotation around an incipient C...CF3 


bond. The activation energy of CF3 addition was found to be linear 
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with the ionisation potential but log k was not linearly related. 
While the ionisation potential and activation energy were deter- 
mined only by the number of substituents and not their distribution, 
the entropy of activation did depend on the location of the methyl 
group. For this reason Szwarc concluded that the transition state 
of addition must be associated with a carbon atom rather than a 

C=C bond. He also suggested, on the basis of a linear correlation 
of activation energies for CF, and o(P) addition that 0(>P) addi- 
tion also proceeds via a 0 -complex rather than the TT -complex pro- 
posed by Cvetanovic. Oxygen atom addition is isoentropic and 
Szwarc claims that arguments based on changes in activation energy 
alone may erroneously lead to the conclusion that a 1 -type transi- 


tion state is. involved. 


i. Addition of S(°P) atoms. 


The increased reactivity of 5 (>P) atoms with increasing 
alkyl substitution on the double bond clearly indicates the electro- 
philic nature of this atom. A good linear correlation of log k with 
ionisation potential of the olefin is obtained for ~,o© substituted 
olefins, although this correlation does not exist for A, B substituted 
olefins. Since activation energy and preexponential factor data are 
unavailable for this system these relative values can only be esti- 
mated by comparison of the relative rate data with that for other 
electrophilic species. Oxygen and CF addition indicate that log k 
is linearly related to ionisation potential only for isoentropic addi- 
tions (i.e., E,,., also correlates with ionisation potential), while 


for non-isoentropic additions only E,., correlates with the ionisation 
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potential. By analogy with these systems it may be suggested that 
in the case of s(7P), addition is isoentropic to A, but not &, fp 
substituted olefins. From ionisation potential data it can also be 
Suggested that the activation energies for addition of 5 (7p) to iso- 
butene, and cis and trans-2-butenes are nearly identical while the 
entropy of activation for the 2-butenes is considerably lower as 
indicated by the lower log k values. Therefore, even without direct 
temperature data one can at least tentatively suggest that the lower 
addition rates to the 2-butenes probably arises from some form of 
steric hindrance to the reactive site of the molecule. 

The primary interest of this discussion is the rate con- 
trolling step for the addition reaction and the reactive site of 
the olefin. 

The rate of a reaction is dependent on two factors; the 
activation energy and the preexponential factor A. The factors 
which affect these two quantities will be discussed. Since the 
activation energy is linearly related to the ionisation potential 
it is therefore dependent on the type of substitution on the double 
bond. Addition of alkyl groups to the double bond increases the 
electron density of the 7 system with a resultant lowering of the 
ionisation potential and thus a decrease in the activation energy. 

The chlorine atom is electron withdrawing, but the lower 
ionisation potential of vinyl chloride determines the activation 
energy with the result that vinyl chloride is more reactive than 
ethylene. Such a comparison must assume constant entropy of activa- 


tion for the olefins compared. 
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3 
The activation energy for the addition of S( P) can be 


illustrated by the following diagram: 


olefin* + Ss. 


Potential 
Energy 


olefin + S 


Fig. 33. Reaction Coordinate 


The ease of formation of a charge transfer complex is 
directly related to the activation energy of addition and the tran- 
sition state must involve participation of the ionic structure olefin’, 
S(P) 5. 

The participation of a charge transfer complex in the 
transition state, however, does not necessarily mean that aT -complex 
describes the transition state. It only describes the nature of the 
attraction but does not indicate the reactive site of the molecule. 

Addition of one methyl group to ethylene increased the 
reactivity by a factor of ca. 7. Addition of a second methyl group 
to the same carbon atom, giving isobutene, again resulted in a fur- 
ther increase in reactivity by a factor of ca. 7. However, addi- 
tion of the second methyl group to the adjacent carbon, giving 2- 
butene, resulted in only a ca. 2.5 fold increase in reactivity. 

It was earlier suggested that the activation energy depended only 


on the amount of substitution and not its position. The lower 
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reactivity of both cis and trans-2-butenes therefore may be due to 
a decrease in the entropy of activation, resulting from the block- 
ing of the reactive terminal carbon atom by the methyl group. 

Since the final product of the addition is a triplet 
biradical the transition complex may involve formation of an inci- 
pient C---S bond, the formation of which may be hindered if a bulky 
group is present on the ie camead atom. The main factor favoring a 

g@ -complex is that the steric hindrance is dependent on the position 
of the substituent rather than on the number of substituents. If 

a ™ -complex is involved steric hindrance should be dependent on the 
amount of substitution on the double bond and not on its position 
since reactivity in this case concerns the double bond as a whole. 


This effect was not observed. 


ii. Addition of s('D) Atoms. 


In view of the stereospecific addition of s(>P) atoms to 
olefins, it is no longer necessary to postulate that stereospecific 
addition of a singlet species to a double bond requires simultaneous 
formation of two bonds via a triangular transition state. 

Although the data are only semi-quantitative, addition of 
s(tp) atoms to the double bond shows little or no electrophilic 
character but resembles radical reagents in reactivity. Like radical 
reagents then its reactivity might be expected to be greatest at 
points in the molecule displaying high electron density. Terminal 
carbon atoms are known to possess higher electron densities than 
non-terminal carbon atoms. Addition of scp) to an unsymmetrical 


double bond should then be expected to take place at the least 
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substituted carbon atom producing a singlet biradical. Ring closure 
would result in the observed episulfide product. 

It was earlier suggested that such an orientation effect 
might be responsible for the formation of terminal vinylic mercaptans, 


since no non-terminal vinylic mercaptans were formed with unsym- 


metrical olefins. 
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CHAPTER VI 


REACTIONS OF SULFUR ATOMS WITH ACETYLENE AND 


SUBSTITUTED ACETYLENES 


Reaction of sulfur atoms with acetylene. 

A. Static system. 

B. Flash photolysis-kinetic mass spectrometry. 
C. Flash photolysis - absorption spectroscopy. 
D. Flow system. 

Reaction of sulfur atoms with methyl acetylene. 
A. Static system. 

B. Flash photolysis-kinetic mass spectrometry. 
Reaction of sulfur atoms with dimethyl acetylene. 
A. Static system. 

B. Flash photolysis-kinetic mass spectrometry. 
C. Flash photolysis - absorption spectroscopy. 
Reaction of sulfur atoms with perfluorobutyne-2. 
A. Static system. 


B. Flash photolysis-kinetic mass spectrometry. 


Reaction of sulfur atoms with a mixture of acetylene 


and perfluorobutyne-2. 
A. Static system. 


Discussion. 
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RESULTS 


ACETYLENE 


A. Static System 


When carbonyl sulfide was photolysed with acetylene, in 
low conversion runs, three condensible volatile products and a 
solid product were formed. The three volatile products had relative 
petentiouatimessor 1.00 (1) °2.-2:35 (il) 4.2.75 (TIT) on an 8 
ft. T.C.P. column. From their mass spectra they were identified as 
carbon disulfide, benzene and thiophene respectively. This was further 
confirmed by checking the retention times of pure carbon disulfide, 
benzene and thiophene with those of the products. All three 
products showed identical retention times with the authentic 
samples. 

The reaction was studied as a function of acetylene pres- 
sure in the range 0 to 1000 torr. The CO yield is shown as a func- 
tion of substrate pressure in Table XX and Figure 34. The CO yield 
decreases with increasing substrate pressure and at a pressure of 
1000 torr it has reached the limiting value of R°(CO)/2. The yield 
of volatile condensible products was found to be very small (ca. 5%), 
the major product of the reaction being a yellow insoluble solid. 
This solid was similar to one found in the photolysis of acetylene 
at short wavelengths (105). In both cases the solid was found to be 


a hard yellow varnish-like substance (probably trans-polyacetylene). 
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TABLE XX 
VARIATION IN PRODUCT YIELDS WITH ACETYLENE 
PRESSURE IN THE COS-ACETYLENE SYSTEM 


—=aaaa=a=aoaoaeyeyeEeEeEeEeEeEeEeEeEeEy~yeyayauyLyL—Eay—yEyEeEeaeymyamR—L~~EaRDh”7>~EEy_—xTxL————x{————————————————————————  — {_— —>———————————_——— SSS 


Yields, yp moles/30 min. 


P(C2H2) co? co°-coP cs,© Benzene Thiophene® 

0 9.63 0 - - _ 

ek 6.81 2.82 13Y 0 0 

53.0 yey sae 124 0 0 
103.4 5.80 = 81 0 0 
201.4 aye 4 4.11 45 8 19 
319.4 5.80 3.83 40 29 10 
640 5.18 4.45 21 cy 6 
998 4.70 4.93 14 41 0 
a. P(COS) = 100 torr; Exposure time = 15 min.; Medium pressure 


mercury arc. 


b. Measured in moles. 


c. Measured in arbitrary units. 
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When heated in the presence of air it turned to a dark colored solid 
and burned slowly. 

The volatile products are shown as a function of substrate 
pressure in Figure 35. Due to the small yields the G. C. was not 
calibrated in «moles but the product yields are given in arbitrary 


area units. The carbon disulfide was found to be largest at low 


pressures and decreased with increasing substrate pressure, approach- 


ing zero at pressures greater than 1000 torr. No benzene or thiophene 


could be detected at low pressures (less than 100 torr). With in- 
creasing pressure the thiophene yield increased, reached a maximum 
and then decreased to zero at very high pressures. The benzene 
yield continued to increase with pressure and reached a constant 
maximum at pressures greater than 1000 torr. 

The addition of a large excess of co, did not affect the 
benzene or thiophene yields, but a large decrease in the yield of 
carbon disulfide was observed. 

Solid phase photolysis of carbonyl sulfide and acetylene, 
at liquid N, temperature, failed to produce any volatile condensible 
products. Only carbon monoxide and a yellow solid were found. This 


solid was partly elemental sulfur. 


B. Flash Photolysis-Kinetic Mass Spectrometry 


When a mixture of COS(226 microns) and acetylene (800 
microns) was flashed near the entrance to the ionization chamber 
of the mass spectrometer four products were observed. Time resolved 
oscillograms of the parent mass intensities are reproduced in 


Figures 36 - 41. Mass 58 was the major product corresponding to 
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0.5 volts 
per div. 


0.2 Seconds per div. 


Fig. 36 Mass 58, C5H9S 


0.2 Seconds per div. 


Fig. 37 Mass 58, CaH95 


Corrected for bleed-out. 
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0.5 Volts 
per div. 
10.0 Milliseconds per div. 
Fig. 38 Mass 58, CoH9S 
0.2 Volts 
per div. 


10.0 Milliseconds per div. 


Fig. 39 Mass 76, Carbon Disulfide 
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Fig. 40 Mass 78, Benzene 
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20.0 Milliseconds per div. 


Fig. 41 Mass 84, Thiophene 
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the adduct Cj9H 9S; a product which was not observed in the static 
system. The C2H2S signal increased rapidly, reaching a maximum 
value of 2.7 volts after ca. 100 milliseconds. The signal, after 
correction for bleed-out, showed appreciable decay after 2 seconds 
as shown in Figure 37. 

A second product of mass 76, corresponding to carbon 
disulfide, was also observed in large concentration; after ca. 100 
milliseconds its signal reached a maximum value of 1.0 volts 
(Figure 39). A comparison of Figures 38 and 39 indicates that while 
the C2H2S signal reached its maximum value almost immediately (after 
ca. 25 milliseconds) the CS» signal grew slowly but continuously 
for the entire 100 millisecond period. 

Benzene was found in a much smaller concentration, its 
maximum signal being 0.1 volts after 100 milliseconds. Figure 40 
shows that, like CS5, the benzene signal grew slowly up to its 
maximum value, attained at ca. 100 milliseconds. 

Thiophene, mass 84, was found in only a small concentra- 
tion; the signal in Figure 41 was appreciably larger than the back- 
ground signal indicating formation of this product. The formation 
of thiophene did not show the slow steady increase exhibited by 
both CS» and benzene but appeared to be formed at a rate comparable 
to that of the initial CyH)S adduct. Due to the large background 
noise of this weak signal, however, this fact cannot be established 
with complete certainty, but is only indicated by the large initial 


signal observed after only a few milliseconds. 
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C. Flash Photolysis - Absorption Spectroscopy 
A mixture of 100 torr COS and 100 torr CyoHp in a 50 cm. 


cell was flashed and the absorption spectrum of the flashed mixture 
was recorded at times varying from zero to 18 milliseconds. The 
spectra are shown in Figure 42. The only change in the spectra, 
from that of pure COS, was the absorption at 2576 A correspond- 
ing to the CS radical (106). From optical density measurements, 


19 cm2/molecule for 


and using Gaydon's (106) value of 3.8 x 10. 
the extinction coefficient for CS, the concentration of CS was 

found to be less than 107” moles per flash. Approximately 2 

pp moles of COS was decomposed per flash indicating that CS is formed 
in negligible amounts. 

Analysis of the condensible products after 10 flashes 
showed that 20 » moles of CO and 6 moles of CS» were the only 
products. Due to the small quantities of CS detected it is 
evident that it cannot be a precursor to the cs. formation. 

Probably CS arises from the secondary photolysis of the CS» in 
the reaction system. 

A second series of experiments, using the same substrate 
concentrations, was performed in which the reaction mixture was 
frozen in liquid nitrogen a few seconds after the flash. It was 
hoped that the C2H2S intermediate, having a lifetime of several 
seconds (as indicated by flash photolysis-kinetic mass spectro- 
metry) might be trapped and stabilized by this technique. Mass 
spectral analysis of the condensible products showed, however, 


no CyH»S product but only CS, as found in the previous experiment. 


80! 


7 

4 ure Tur re 
- atusxim bedestt sig to enra3 seme aotiquoeds edd bos ae Is ; 
CONS Te Kgter ESiby, , 


eT vebnoosal {tm 81 o3 o19s va ganyrer eomki 3s 5 
coher ea OG ee perayes 
,BI99q2 ‘ad at ‘egando las ont a ‘enught at wage 1 X39: 
>t Pee we a 
-bnaqes7709 A eves 3s nolsqzoeda esid an ,209 nest to 
Y Cee ta” ie ; 
_sinemegueson vatensh [sobsqo mor’ (901) pple 2) of3 of 


» NCR “ee, 
<0} ofvoelom\*mo Of or = B € to oulay (a04) ola 3 
nigkt Aa 


aaw ea to te bee saieidieds on2 20 x03 peseeeny a 
¢ 4 Race ea .desii 104 eotom 4 © “OL wag par ot aid aie 

'@ veer, 4h , 

hawsck et 20 sadds3 qebeciat desl - bezoqmoash Baw 209 to eefom 4 oe 
(ine Galthe OE bs bee, ’ 
acer tr. : ty sig 
seras{? OL xs3%s atouboxq oldtenabnoa ols to eueeisah 
vino 9f3 stew ¢29 to eolom 4 8 bas 09 20 entnew : anda 
E.G get vane 
et ai bedosseb 29 20 eeksiinaup I fame. od3 o3 eal 
of, | <7 re | _ & er 
sotsamro2 29 odd od qoonmooes 2 of ‘Jomnso at Pro: 
7 byidbadan rae 
at 929 sd2 ito eseytoaoiy weabaozee ais ‘mort esskis 2 


ad ah cn & 


re les Sere are 
sipxiedue oman | a gatau -s3nent 3099 ‘to aetxee bre 

a WS ft tam rayon 

caw eruaKie moltossx abd donde had beao2: 8 


dad » id Wile hace nea 
me biggie pa | 


SAA, 


angen 


Iszeves 20 omtaeRtt s pro ya 


set, 


-or390qe oean dhasghs-cearselaal 


+ 


j* » >} ivd Cle tp ¢ z il we Ps rs 


it eam a 
essM .oupiadoes aids yd hast ee Aen 


ee ae 
4 i » 


169 


*|POIPD4 S> ays OF ANP W 9/GZ JP UO! duosqy 
*auajAyaoy pud SOD jo eunyxIW payso) 4 jo wnsyoeds uoljdiosqy zp *Bi4 


jit} | j HdaLaes ALaoe WOMLLILD MRL MOL MLL OE LO En eC CeCe e UP eu CR PRC Ru SUTURE UG Runa nn) 
a ss o $s oS Sb oe we i we ec re ee % a @ @ ue 


c' 
- i 
s 
q i a ay 
y . 
- 
J pe 
] Ld 
i Only! 
co 
"| 
in, & 
x 
» 
j 


nae f is 
eb 


“bi 
hive 
7) 

: i 4 y 

ops mee ee 

| at t 

’ re ‘ ; 

( i am 

3 : a } ' 

ih ae 

+ Pe x f iz 


a 


vt - . 
= , ; 
eS ee 
~ a 


The time required to freeze out the products together with the 

time required to obtain the mass spectrum of the reaction products 
would probably be very large compared to the life-time of the CyH9S 
product. For this reason the above technique was probably in- 
adequate for detection of the CyH»S species. 

Flash photolysis of a mixture of 700 torr COS and 700 
torr CoH) again yielded CO and CS9 as the only products of the 
reaction. The high pressure system was observed to decrease the 
amount of CS» relative to CO. A set of flashes yielded 40 A moles 
of CO while onieaees 3 pp moles of CS, was formed. This is approxi- 
mately a four-fold decrease in CS. formation as compared to the 


low pressure region, 


D. Flow System 


A mixture of COS and acetylene was photolysed in a flow 
system at a total pressure of ca. 1 torr and the reaction products 
were frozen in liquid nitrogen immediately after photolysis, in 
a U-trap at the exit end of the flow system. The COS and acety- 
lene were then removed at -131° Citesvine behind only the products 
(including unstable intermediates) of the reaction. Methyl acety- 
lene was then added to the products at -131° C and the total mixture 


was allowed to warm to room temperature. The methyl acetylene 


was then removed and the condensible products were analysed. Product 


analysis showed that trimethyl benzene was formed in this reaction 


in a small yield. No other products were detected. 
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METHYL ACETYLENE 
A. Static System 

Photolysis of carbonyl sulfide in the presence of methyl 
acetylene, in low conversion runs, yielded as the major product 
a flian non-volatile solid similar to that found in the acetylene 
reaction. Condensible volatile products corresponding to 5% or 
less of the sulfur atoms consumed were also obtained. Analysis by 
low energy mass spectrometry showed two parent peaks at masses 
112 and 120. These would correspond to a dimethyl thiophene and 
a trimethyl benzene respectively and in light of the results ob- 
tained for acetylene these masses were tentatively assigned to 
these products. Assuming the same sensitivities of both compounds 
towards the mass spectrometer, the dimethyl thiophene was found to 
be the major product, the trimethyl benzene forming ca. 30% of the 
total. This assumption is probably valid to within a factor of 
two. 

Gas chromatographic analysis of the condensibles showed 
at least two isomers of each compound present although due to the 
small amount of products formed their isomeric analysis was not 
attempted. G. C. analysis also showed the dimethyl thiophene 
present in the larger amount. 

The non-condensible fraction contained only CO; no H, or 
other non-condensible product was formed in the reaction, Care- 
ful analysis also showed that no ethylene or acetylene was produced. 
These products were specifically sought in light of recent results 


obtained in the reaction of 0(?P) with methyl acetylene where large 
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amounts of ethylene and acetylene were formed (107). Addition 
of stp) or o(?P) to methyl acetylene produces adducts of nearly 
equal excitation energies. 

Unlike the acetylene system, no cS, was found as a 
product. Addition of a large excess of inert gas, CO, , failed 
to increase the condensible product yield. 

A search for C3H,S products failed to indicate formation 
of stable sulfur adducts resulting either from addition to the 
triple bond or insertion into the C-H bonds, 

CO formation was found to drop rapidly upon addition of 
methyl acetylene (Table XXI and Figure 43), reaching its limiting 


value of R°(CO)/2 at a value of 2 for the ratio C,H /cos. 
3°4 


B. Flash Photolysis-Kinetic Mass Spectrometry 


Time resolved oscillograms of parent masses, produced 
when a mixture of COS (400 microns) and methyl acetylene (800 microns) 
was flashed, are shown in Figures 44 - 47. The major product, mass 
72, was the sulfur adduct of methyl acetylene C3H4S. The signal, 
corrected for bleed-out, showed appreciable decay. The oscillo- 
gram indicated a half-life of ca. 5 seconds for the C3H4S product. 
Dimethyl thiophene (Fig. 46) and trimethyl benzene 
(Fig. 47) were also detected, although in considerably reduced 


yields compared to the sulfur adduct. 
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TABLE XXI 


GO FORMATION AS A FUNCTION OF SUBSTRATE PRESSURE 


IN THE COS-METHYL ACETYLENE SYSTEM* 


P(COS) torr P(C3H,) torr CO pp moles 
100 0 | ses 
100 68 8.6 
100 128 8.3 
100 290 | ee 
100 667 et 


a. Medium pressure mercury arc. 
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2.0 volts 
per div. 
mee eS 
0.5 Seconds per div. 
Fig. 44 Mass 72, C3H4S 
2.0 volts 
per div. 


0.5 Seconds per div. 


Fig. 45 Mass 72, C3H4S 


Dotted line is signal corrected for bleed-out . 
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50.0 
Millivolts 
per div. 


50 .0 
Millivolts 
per div. 


10.0 Milliseconds per div. 


Fig. 46 Mass 112, dimethy! thiophene 
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10.0 Milliseconds per div. 


Fig. 47 Mass 120, trimethyl benzene 
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DIMETHYL ACETYLENE 


A. Static System 


The reaction of sulfur atoms with dimethyl acetylene 
produced only one product in a yield of 5% or less, in terms of 
sulfur atoms consumed. This product was found by mass spectro- 
metry to have a parent mass of 140 and was thus identified as the 
tetramethyl thiophene. Unlike the previous acetylene reactions 
no substituted benzene was found with dimethyl acetylene. The 
expected product, hexamethyl benzene, is a solid of melting point 
166° C and if produced in the reaction in small yields might have 
gone undetected. 

No addition or insertion product, C,H¢S, was observed in 
this system. Again the major product was a non-volatile solid 


deposited on the walls of the cell. 


B. Flash Photolysis-Kinetic Mass Spectrometry 


A mixture of COS (400 microns) and dimethyl acetylene 
(800 microns) was flashed and the observations recorded on oscil- 
lograms 48 - 51. The adduct was shown to be formed in a large 
concentration (Figure 48). From the corrected oscillogram the 
half-life of this species was calculated to be ca. 7 seconds. 
Tetramethyl thiophene was detected in small concentrations. 

Since s(+p) atoms are known to insert into C-H bonds, 
this C,H¢S signal may be due to an insertion product as well as 
to addition to the triple bond. To investigate the reactivity of 
S atoms with the triple bond, photolysis of ethylene episulfide 


was used as the source of sulfur atoms. It has been shown that 
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1.0 volts 
per div. 
i eee 
0.5 Seconds per div. 
Fig. 48 Mass 86, C4H;s 
1.0 volts 
per div. 


0.5 Seconds per div. 


Fig. 49 Mass 86, C4Hgs 


Dotted line corrected for bleed-out. 
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Fig. 50 Mass 140, tetramethyl thiophene 
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Fig. 51 Mass 140, tetramethyl thiophene 
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ethylene episulfide yields only ground state Ss (3P) atoms which 

are inert towards C-H bonds (108). The mixture consisted of 

CyH,S (400 microns) and dimethyl acetylene (800 microns). The 
results are shown in Figures 52 and 53. Again the large signal for 
mass 86 is observed indicating a C, Hes adduct resulting from 
addition of s (PP) to the triple bond of the acetylene. The half- 


life is found to be ca. 7 seconds in this case also. 


C. Flash Photolysis 

A mixture of 100 torr COS and 100 torr dimethyl acety- 
lene was flashed and the absorption spectra recorded at various 
time delays as shown in Figure 54. No new spectra were observed. 
It is important to note also that no trace of CS absorption was 


observed in this reaction. 


PERFLUOROBUTYNE -2 


A. Static System 


Photolysis of carbonyl sulfide with perfluorobutyne-2 
produced only one volatile condensible sulfur-containing com- 
pound. Mass Spectrometric analysis of this compound showed a 
parent mass of 356 and the compound was identified as perfluoro- 
tetramethyl thiophene. 

No .C,F¢S product was found in the static system. 
Perfluorohexamethyl benzene was not found in this reaction 
although, as its physical properties are not known, it may be 


a solid of low volatility and thus have escaped detection. 
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BM ae 
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Fig. 52 Mass 86, C4H¢s 
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Fig. 53 Mass 86, C4Hgs 


Dotted line corrected for bleed-out. 
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The reaction was studied as a function of substrate 
pressure and carbon dioxide pressure. Table XXII and Figure 55 
show the variation of carbon monoxide with added substrate pres- 
sure. The CO decreases with increasing pressure and at high 
pressures approaches the limit of R°(CO)/2. At the same time the 
yield of perfluorotetramethyl thiophene increases continuously, 
(Fig. 56) its yield is ca 50% (in terms of S atoms consumed) at 
a pressure of 400 torr and is seen to be still rising. Extra- 
polation to infinite pressure would give a yield of at least 70%. 

The addition of the inert gas co, is found to have only 
a small effect. Table XXIII and Figure 57 show a small decrease 
in carbon monoxide and a similarily small decrease in the yield 


of perfluorotetramethyl thiophene. 


B. Flash Photolysis-Kinetic Mass Spectrometry 


Time resolved oscillograms, shown in Figures 58 - 60, 
show that a C,F¢S adduct is formed when a mixture of COS (400 
microns) and perfluorobutyne-2 (800 microns) was flashed. Figure 
58 shows a rapid increase in the mass 194 signal followed by a 
rapid decay after only a few milliseconds. This effect is more 
obvious in Figure 59; the signal drops rapidly to ca. two thirds 
of its maximum value and then decreases at a much reduced rate. 
Figure 60, corrected for bleed-out, shows an almost stable signal 
after the initial rapid drop. This is unlike the signals observed 
for acetylene, methyl acetylene and dimethyl acetylene where the 
initial fast drop did not occur but the signals rose to a maximum 


during the first 100 milliseconds. 
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TABLE XXII 


VARIATION IN PRODUCT YIELDS WITH PERFLUOROBUTYNE-2 
PRESSURE IN THE COS-PERFLUOROBUTYNE-2 SYSTEM” 


eaEqaea=aS=Sa=a=a=a=a=anaNananalae=aeae_ea_=aea_aewea_e_e__e__e____—e_———eeeEEeeeEeEeEE—EeEe eel 


Yield, moles 


P(CyF6) 3 b ke Fi 
torr co CO -CO CgFi 2S Recovery 
0 6.96 6) 0 0 
42.5 5.09 1.86 0.36 19 
83.6 4.76 2.19 0.62 28 
83.6 4.60 Zeap 0.66 28 
itdae 4.42 ye fe 0.85 34 
187.4 4.21 2.74 1.05 38 
288.3 4.07 2.88 1.33 46 
383 3.98 2.98 1.50 50 


a. P(COS) = 100 torr; Exposure times = 30.0 min. Cadmium lamp. 
b. Perfluorotetramethyl thiophene 


c. In terms of R°CO-RCO 
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TABLE XXIII 


VARIATION IN PRODUCT YIELDS WITH CO, PRESSURE IN THE 


COS -COo-PERFLUOROBUTYNE-2 SYS TEM™ 


Yield, pzmoles 


P(CO5) 
torr co Cco°-co Garigs? % Recovery 
0 3.98 2.98 sou 50 
25.1 3.78 ae 1 AOS Is 42 
560 3.10 S226 eee! 41 
950 3.69 ray | 20 39 


a. P(COS) = 100 torr; P(C,F¢) = 383 torr; Exposure time = 
30.0 min. 


b. Perfluorotetramethyl thiophene. 
ee In terms of R°CO-RCO. 


d. Cd. Lamp. 
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Fig. 58 Mass 194, CyF es 


0.5 Seconds per div. 


Fig. 59 Mass 194, C4FgS 
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Fig. 60 Mass 194, CyF¢sS 


Corrected for bleed-out 
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The signal strength is also reduced in the case of per- 


fluorobutyne-2, the maximum signal being less than 500 millivolts. 


MIXTURE OF ACETYLENE AND PERFLUOROBUTYNE-2 


Be “avatic System 


Photolysis of a mixture of COS (150 torr), acetylene 
(250 torr) and perfluorobutyne-2 (250 torr), in low conversion runs, 
was found to yield two gas chromatographically separable compounds 
having relative retention times 1.00 (I) and 3.30 (II) on an 8 ft. 
T.C.P. column. 

Product I was identified by mass spectrometry and G.C. 
retention time as perfluorotetramethyl thiophene, the product 
obtained in the COS- perfluorobutyne-2 system. 

Product II was shown by mass spectrometry to correspond 
to the compound C¢HoF¢S having molecular weight 220. N.M.R. 
analysis of this compound (Figure 61) indicated its structure to 
be that of 2,3-perfluorodimethyl thiophene. No other products were 
obtained in low conversion runs, the unsymmetrical perfluorodimethyl 
thiophene being the only cross product from the reaction of sulfur 


atoms with a mixture of acetylene and perfluorobutyne-2. 
DISCUSSION 


A. Nature of the Intermediate formed in the Reaction of 
Sulfur Atoms with the Triple Bond 
Although no primary sulfur adduct was observed, in the 


static system, for the reaction of sulfur atoms with acetylenes 
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these adducts were found by the technique of flash photolysis- 
kinetic mass spectrometry. In all cases the half-lives of the 
intermediates were in the range of seconds. Strong signals were 
observed for acetylene, methyl acetylene and dimethyl acetylene 
intermediates. The signal was found to increase with increas- 
ing methyl substitution indicating a greater reactivity result- 
ing from the electron donating effect of the methyl groups. On 
the other hand perfluorination, producing a negative inductive 
effect, resulted in a much reduced reactivity as seen for per- 
fluorobutyne-2. 

To ensure that the above signals were not due to inter- 
mediates resulting from only C-H insertion of s¢tp) atoms, 
ethylene episulfide was used as a source of sulfur atoms. Photolysis 
of ethylene episulfide results in production of only S(°P) atoms 
(108) and s(?P) atoms do not insert into C-H bonds. Flash Photolysis 
of ethylene episulfide with dimethyl acetylene resulted in a 
strong C,H¢S signal which could result only from interaction of 
of s(7P) with the triple bond. The signal C,F¢S, obtained with 
perfluorobutyne-2 must also arise from reaction with the triple 
bond since C-F bonds are inert towards sulfur atoms. 

There are only two plausible structures for the sulfur- 
acetylene adduct; they are the thiacyclopropene and the thio- 
ketene. Thiocyclopropenes have never been isolated before and 
little is known about their stabilities or reactivities. Thioketene 
was reported by Howard (109) who stated that the monomer was stable 


at -80° C but upon warming, it polymerised to a white insoluble 
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solid. No direct evidence for the thioketene monomer was obtained 
although analysis of the polymer indicated that its precursor was 
probably thioketene. Since thiacyclopropene has never been reported 
its physical and chemical properties can only be estimated. Nelson 
and Jessup (81), taking the difference between the calculated and 
experimental heats of formation, have estimated the strain energies 
(s.e.) of cyclopropane, ethylene oxide and ethylene episulfide to 
be 25, 13 and 9 kcal./mole respectively. The difference in strain 
energy between cyclopropene and cyclopropane has been estimated 

to be (As.e. ca. 27 kcal./mole) (110). If we assume the same 
energy difference (As.e.) for oxirene and thiacyclopropene, we 
obtain strain energies of 40 and 36 kcal./mole respectively and 
s.e. for cyclopropene turns out to be 52 kcal./mole. On the 

basis of strain energy alone, thiacyclopropenes should be more 
stable than the corresponding cyclopropenes. This would mean 

that, since 1,2-dimethyl cyclopropene (117) is a stable compound 

at room temperature, the methylated thiacyclopropenes should 

also be stable at room temperature. 

Cyclopropane has a larger strain energy than ethylene 
episulfide and yet cyclopropane is stable while ethylene epi- 
sulfide undergoes a slow polymerisation reaction at room temper- 
ature. Strain energies alone, therefore, are not sufficient 
for predicting long term stability or chemical reactivity. 
Thiacyclopropenes may also undergo a similar polymerisation or 
follow some other decomposition path. Although ring strain 


may not predict the reactivity of a molecule it may be able to 
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furnish some information regarding the stability or degree of 
isomerisation of an initially produced adduct. 

It is well known that addition of methylene (7) or 0(7P) 
atoms (53) to ethylene results in extensive isomerisation and 
fragmentation. Methylene addition results in a pressure depend- 
ent ratio of cyclopropane/propylene, propylene resulting from 
isomerisation of the hot cyclopropane. Cvetanovic (53) has 
shown that addition of OCP) to ethylene results in further 


reaction of the hot adduct 


5 (7p) + CH, = CH — bey: - CH, (1) 
QO. 
pH - CH) —> CH3 + HCO (2) 
0. 
M CH, - CH (3) 
—> z 
BS ae 


The addition of s(‘p) to the double bond of ethylene is at least 
as exothermic as o(?P) addition and yet the only cyclic product 
formed in the reaction is ethylene episulfide (71). The strain 
energy of ethylene episulfide is only 4 kcal./mole less than 

for ethylene oxide and yet a drastically increased stability 

is observed in the initial adduct, ethylene episulfide. It is 
seen that the sulfur product is much more stable with respect to 
s(t) addition than would be predicted and still, unlike ethy- 
lene oxide, ethylene episulfide is not stable at room temperature 


but tends towards polymerisation. 
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In light of the above observations, the possibility of 
thiacyclopropene formation, from the reaction of sulfur atoms with 
acetylene, will be discussed. Addition of a s(+p) atom to the 
triple bond of acetylene or a substituted acetylene should result 
in the initial formation of a hot thiacyclopropene molecule. This 
hot thiacyclopropene is then either stabilised or undergoes second- 
ary reactions. 


Arrington et al. (107) have investigated the reactions 


of o(P) with acetylene and methyl acetylene and observed fragmen- 
tation of the initial adduct, but unlike addition of o0(?P) to 


ethylene, no cyclic compound (oxirene) was obtained. 


oP) + CH=CH —> CyH,O™ (4a) 
* * 
CoH 0 > CH =C=0 (5a) 
CH = C = 0" may tens :* ¥eecb (6a) 
3 = o* 4b) 
0(7P) + CH,-C==CH —> C3H, ( 
ci ‘* 
C3H,,0 —> CH,-CH=C=0 (5b) 
CH,-CH = C = 0" —> CH,-CH: + CO (6b) 


Since scp) addition to acetylene and methyl acetylene 
is at least as exothermic as 0(°P) addition, a similar mode of 
fragmentation to CS and radicals might be expected. Flash photoly- 
sis of mixtures of COS with acetylene and dimethyl acetylene 


indicated that no CS was produced as a result of sulfur adduct 
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decompositions. Also careful product analysis of the COS-methyl 
acetylene static system indicated that no ethylene was formed 
thus eliminating the possibility of fragmentation of a methyl 
thioketene to CS and ethylidene. This data indicates that re- 
actions similar to 6a and 6b do not occur in the corresponding 
s(1p) systems. 

This increased stability towards fragmentation seems 
to be present in the COS-acetylene system, similar to that found 
for COS-ethylene. This does not necessarily mean, however, that 
the reaction stops after formation of the thiacyclopropene. 
Since AHs of CS is less than AH, of CO, reactions 6a and 6b 
for the sulfur product may be less favorable than for the analo- 
gous O atom reactions. The lack of CS and radicals cannot be 
taken as evidence that a reaction similar to 5a does not occur 
for the COS-acetylene system but only that a reaction similar to 
6a does not. We are still left with the possibility that iso- 
merization to the thioketene structure occurs and that the reaction 


then stops at this stage. 


1 =e * 
s(D i RC ==cR —>»  RC==CR 
oan) \/ (7) 
S 
* 
RC==CR a R,-C =C=S (8) 
S 
M lle 
ga RC—=ER (9) 
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If a thiacyclopropene product is produced it must disappear by sub- 
sequent reaction or decomposition, as it is not found as a stable 


reaction product. 


B. Reactivity of the Sulfur Intermediate Formed From 
the Reaction of S atoms With the Triple Bond. 

From the flash photolysis-mass spectrometry it has been 
indicated that the addition product in the reaction of sulfur atoms 
with the triple bond is a sulfur adduct having either the thia- 
cyclopropene or thioketene structure. 


Stable products from the reactions of S atoms with acety- 


lenes are represented by the following equations: 


S + CH=CH = UJ + hae eas (10) 
S 

S + CH,C==cH -—- Ue (Hy) 2 + GE os Git) 
| S 


+ solid 
S + CH,C==CCH, > La le idl (12) 
S 
S + CF,C=CCF; > lestim (CF3), bhly (13) 
S 


Yields of volatile, products for the hydrocarbons were <5% (solid 
is major product), while for perfluorobutyne-2 the perfluorotetra- 
methyl thiophene represented ca. 50% of the sulfur atoms consumed. 
Time resolved oscillograms for the COS-acetylene system 
(Fig. 41) shows that thiophene is formed readily while benzene 


(Fig 40) shows a strong delay in its formation. Thiophene is there- 
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fore formed by reaction of the C5HoS intermediate with a second 


acetylene molecule. The following reactions are possible: 


¥ — 
uo—=cH + uc=cH —> [|] + [| 14 
oe. —_ (14) 
S 
HC—=CH HC=cH —> 5 
ny + CH = > UJ (15) 


He —_coe #4) @HC==CH ) Gl (16) 


ve 


CH=C=S + HC==cH —> wy (17) 


Reaction 14, 15 and 16 appear plausible, but it is dif- 
ficult to envisage a transition state for reaction 17. Thiophenes 
therefore most likely result from reactions of a second molecule 
of substrate with the intermediate thiacyclopropene or its biradical 
form. 

The major reaction of sulfur atoms with perfluorobutyne- 
2 leads to conversion to the corresponding thiophene, at high sub- 
strate pressures. Since isomerisation of the initial thiacylopropene 
structure to the thioketene is rather unlikely, the reactive inter- 
mediate in this case is probably perfluorodimethyl thiacylopropene 
or its biradical form. 

The reaction of sulfur atoms with a mixture of acetylene 


and perfluorobutyne-2 resulted in the formation of only one cross 
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product. This product was 2,3-perfluorodimethyl thiophene, the 
unsymmetrical cross product. If thiophenes are formed by either 
reaction (14) or (15) a symmetrical thiophene should have been 
obtained. The formation of the unsymmetrical thiophene must 
therefore indicate that reaction (16) is the one responsible 


for thiophene formation. 


+ CF3-C==C-CF3 — ‘ (18) 
] CFs 
S- 
CF3-¢ = Picks + CH=CH Std lesdlaeees (19) 
‘S 


In the mixed reaction it is not possible to determine whether both 


Q 
an 
i] 
.-Q 
ro 


reactions (18) and (19) occur, or only one of them. 

The large thiophene yield observed in the COS-perfluoro- 
butyne-2 system may be due to the instability of the perfluoro- 
dimethyl thiacyclopropene, which opens to the biradical and can 
then react with substrate to form the corresponding thiophene. 

The large yield is probably also favored by the fact that the 


thiacyclopropene does not isomerise to the corresponding thioketene;: 


* 
Ss + CFC ==CCF, —> Bhs fraeerks (20) 


% 
CF3-C = C-CF, 


S 


<> isomerisation (22) 


200 


Jeum “ saadgotits Is ok 139mm aa oda ig not saaoh Ry beat ed Rte 


aah fe 


efdianoges: ano sft et (aty not oass ‘jent3 alias yx0% 


i 
004 3ag102 
, ihe | asc: (dep a 
(81) — (1-0550-,D + HQ = BD 
4 et : ’ ; a a a i 
ge | | 
(en) ree c- S05 4+ a * 


betta 


djod. pare ssid 03 sidieaeq ton al at nok3289x 
mada to smo yino 70 tu990 (ef) “baw peek ol 


hh i, 
-oroultieq-200 sd3 at bavisedo bisiy woanyeles ogsel oat ay iy i 7 
niin 


ae } 
nso bre {sotbextd oft oF ensqo doidw conegoxqo toroid) 3m! 


aS 


-orouli req 93 Yo atthdaeat sd i ‘sub od ean meeee 


.snadqoids aitbaogaexz09 oud ar102 od overzedue daw 
‘owls Udadorg - ora - tei od 


ody si” tant ofa yd 


elo 


; s1939210 id3d gnibnogesireo sfZ enti Jon wy ons you 
ta + 


(iS) 


($8) 


201 


+ M — > CF3-C = C-CF, (23) 
CF3-C = C-CF, + CyFy —> Came De (24) 
CF,-C = C-CF, —> slow polymerisation (25) 


S 


Addition of the inert gas co, to the COS-perfluorobutyne-2 


system resulted in a lowering of the corresponding thiophene yield. 


This could only be explained in terms of additional stabilisation 


of the intermediate thiacyclopropene structure (reaction 23) follow- 


ed by a slow polymerisation of the thermalised perfluorodimethyl 


thiacyclopropene. 


reactions: 


The general reaction scheme must contain the following 


S + R-C==C-R —P ee (26) 
Ss 
R-C = C-R + R-C=5C-R pas | @. (27) 
Ss: 
+M — >) (R=C @\C=R (28) 
Oe 
S 
n R-C = C-R — slow polymerisation (29) 
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R-C = C-R —> R,-C=C=S8 (30) 


n R,-C=C&=S —> polymer (31) 


The low yield of thiophene products in the hydrocarbon 
systems must be due to either or both (a) isomerisation of the 
thiacyclopropene biradical to give the thioketene structure (which 
does not react to yield thiophenes but probably only polymerises) 
or (b) formation of stable thiacylopropenes which disappear by 
some polymerisation reaction. Addition of large amounts of CO, to 
the COS-acetylene system did not increase the thiophene formation. 
Addition of the inert gas would be expected to decrease the iso- 
merisation reaction and favor formation of the thiacyclopropene, 
thus suggesting that thermal thiacyclopropene does not react fur- 
ther to yield thiophene but probably just polymerises. 

If isomerisation to the thioketene is the only factor 
responsible for the low thiophene yields, it follows that an 
increase in thiophene yield should be observed in going from acety- 
lene to dimethyl acetylene, since methyl group migration should 
be slower than H atom migration. This increase was not observed 
suggesting again that formation of stable thiacyclopropenes (which 
probably only polymerise slowly) may also be responsibie for the 


low thiophene yield. 
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C. Benzene Formation in the Reaction of Sulfur 


Atoms with Acetylenes 


The slow formation of benzene (Fig. 40) indicates that 
this product may not be formed in a primary reaction, resulting 
rather from some secondary process. The signal, shown in oscillo- 
gram 40, increases slowly over the entire range of 100 milliseconds 
and finally reaches a steady value beyond this period. 

Additional evidence suggesting a secondary formation of 
benzene was obtained using a fast flow system. The products (in- 
cluding intermediate adducts) from the COS-acetylene system were 
trapped in liquid nitrogen at the exit end of a fast flow system. 
The excess COS and acetylene were then removed at Stabe C; the 
condensible products remained behind. Methyl acetylene was then 
added to these products at -131° © and the mixture was allowed to 
warm up slowly to room temperature. Product analysis showed that 
trimethyl benzene was the only product formed in this dark reaction. 
Its formation must be due to reaction of methyl acetylene with 
radicals or unstable intermediates of the COS-acetylene reaction. 


The following scheme is suggested to account for these observations: 


CoH9S —_ Radicals (32) 


Radicals + n CH3-C==CH — Hew), + polymer (33) 


The trimethyl benzene could not have been produced by sulfur atoms 


produced in the dark reaction. If sulfur atoms were precursors to 
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the trimethyl benzene, dimethyl thiophene should also have been 
observed. It is also necessary to conclude that the benzene product 
was not formed by reaction of a CoH S biradical, as this inter- 
mediate should also have resulted in the formation of methyl thio- 
phene, contrary to our findings. Although secondary reactions appear 
to result in the formation of benzene compounds a second method of 
benzene formation should not be overlooked. 

Benzene is always found as a small product in acetylene 
polymerisation reactions initiated by free radicals (105). In the 
COS-acetylene reaction the main product is a solid which resembles 
polyacetylene. It is reasonable then to expect that some benzene 
would also be formed in the S atom initiated polymerisation of 


acetylene. 


S + n-CH==CH — O + mainly polyacetylene (34) 


A pressure study showed that at increasing pressures of 
acetylene the benzene yield increased from zero to a steady maximum 
value. At the same time the thiophene yield, with increasing 
acetylene pressure, rose to a maximum and then decreased to zero at 
high substrate pressures. This behavior would suggest a common 


presursor to the two products: 
Ss + kcC=>=cH — ‘S-CH = CH: (35) 


CH-CH = CH: (36) 


Je 


— 
CH-+ HC ==CH —> O + polyacetylene (38) 
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-S-CH = CH-CH 
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The decrease of thiophene and the increase of benzene with added 
acetylene may arise from a competition of the C,H,S radical 
between ring closure and further reaction with acetylene. In- 
creasing amounts of acetylene would thus favor the addition 


reaction. 


D. Carbon Disulfide Formation in the COS-Acetylene System. 


The major volatile sulfur containing compound formed in 
the reaction of sulfur atoms with acetylene was CS, ; yet even this 
product was formed in only small amounts. Figure 35 shows that 
the CS, formation is highest at low acetylene pressures and 
decreases with increasing pressure. Addition of a large amount of 
CO to this system'was also found to result in a decrease in the 
CS, formation. The above results indicate that carbon disulfide 
is formed from some hot precursor. 

Flash photolysis of a mixture of COS and acetylene resulted 
in only cs, formation. The high intensity photolysis resulted in 
ca. 60% of the initial sulfur atoms being recovered as CS». When 
the pressure of the same system was increased seven-fold, this 
value dropped to ca. 15% again indicating a pressure dependence 
on the cs, formation. 

It is important to note that due to the negligible CS 
formation in these systems the CS, cannot result from a free CS 
precursor. Rather the pressure dependence and light intensity 


effect suggest that hot thiacyclopropene or thioketene molecules 


may be precursors to the CSy production. 
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* 
2 C2H2S —> cs, + CH, (or radicals)- 
A second possibility is the reaction of the hot CoH)S with COS 
* 
C2H2S +thocoSrep-x te CS ohow4+ver COmhay whCH, 


A small amount of CS, is always formed in most COS- 
hydrocarbon systems. While its exact mode of formation has not 
yet been elucidated, it is thought to be due to secondary reactions 
or secondary photolysis. 

Flash photolysis of COS-acetylene mixtures indicate that 


CS» is a primary product not arising from secondary photolysis. 


E. Insertion Reactions 

The reaction of sip) atoms with acetylenes resulted in 
no stable mercaptan products. With methyl and dimethyl acetylenes 
no evidence for C-H insertion into the methyl groups was observed. 
This is an unusual observation in view of the C-H insertion reactions 
found for other hydrocarbon systems. 

This may be due in part to the increased reactivity of 
the triple bond. For cis and trans-2-butenes approximately 30% 
of the sulfur atoms inserted into the methyl C-H bonds. With 
dimethyl acetylene an increased A factor for the addition reaction 
may result in less reactivity with the saturated part of the mole- 
cule. It is unlikely, however, that no insertion into the methyl 
group occurs. The lack of mercaptan formation is probably due to 


secondary reactions of the initial insertion product. 


| He a 
ha rae 
a t 


. 
; 7 
308 ball pa 


ee od ‘env’ : 
209 ‘dahw ¥ 2 Sed onl 20 aataaiet eds eat vy. 
. hie Gal94. 455) teh oe 


ut 
re | 


aie 


zon ened fod trerr03 to obom 3280— » est obit cetenl 


enphdaaes veabooes od sub ad oF aiiguods et. ate soa 
: > ay Tay re 


-erayfosadg eonc 


sed3 sdeotbal eoxwdxia onoLys99a~209 to akeylosonq, inte ne 
; eu o 
.eteylesedg yrsbnoose mor} goketis som rouberq nena. 


yeaa i ne ee 


ot 319% 
i 4 rs vind 
at betfvees esas{ytsos dtiw emoss cae De 20 nokionez Pit 


(am 
eonsivisse Iydzomtb bus Iydsom call ateabony wert: 
‘i SiG ep inp 4 


.bovisedo esw aquotg iydiom ada want aalsx0ant H-2 10% 


wre 
hy. 


a 


¥ Lo =a a at 
enoijonex nokjisent H-9 edd to wolv at asersede aoa pa 
we " ot ee 
“apie 2 ° . baw 


to ydivisone1 bseso ont et: y18q ak ) i 
08 2 ier = 


XxOE visdamixo3qqs soveandS-agaa ba att i bao ig 
darw - bap H-9 Lydsem we ogat ¢ 

nol Jono% aokaibbs ona 10% 0320 
-sfom ss3 to d1aq bessiu3se § | 
iydsom oft oan notizsent of bie: 


o2 sub visadong # wokvam 


The C-H insertion product of methyl acetylene would be 
propargyl mercaptan. This compound has been prepared by Sato and 
Miyamoto (118) and is reported to be relatively stable at room 
temperature. The authors reported, however, that when distilla- 
tion of the mercaptan was attempted at ordinary pressure it poly- 
merised explosively. Insertion of s(‘p) atoms into C-H bonds is 
ca. 85 kcal./mole exothermic. Absence of any stable mercaptan 
product may therefore be attributed to polymerisation or de- 


composition of the initially-formed hot mercaptan. 
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CHAPTER VII 
SUMMARY AND CONCLUSIONS 


Sulfur atoms react with cyclopentene to yield the episulfide, 
cyclopentene-3-thiol, cyclopentene-4-thiol and cyclopentene-1-thiol. 
Random insertion on the alkenylic positions was observed while the 
vinylic mercaptan, cyclopentene-1l-thiol, was formed in only small 


quantities. Studies with added CO, indicated that triplet sulfur 


2 
atoms react only by addition to the double bond resulting in 
episulfide formation. Triplet sulfur atoms are inert towards C-H 
bonds. An increase in the ratio R(mercaptan)/R (episulfide) was 
observed with increasing translational energy of the sulfur atom. 

The COS-cyclohexene system also yielded episulfide and 
two alkenylic mercaptans, cyclohexene-3-thiol and cyclohexene-4- 
thiol, formed by random insertion into the alkenylic C-H bonds. 

No vinylic mercaptan was formed in this system. 

The behavior of the perfluoro olefin c¥ 6 reveals a 
drastic decrease in ‘1 -bond reactivity (with respect to sulfur 
atom addition) caused by the strong electron-withdrawing power of 
fluorine atoms. The product CLF 6S was observed by flash photolysis- 
kinetic mass spectrometry but the stability of the cyclo-C,F¢ 


episulfide was found to be low, and its probable mode of decay is 


the bimolecular reaction: 
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Sulfur formation (elemental .sulfur was the major reaction product) 
probably also resulted from third-body recombination of S atoms by 
“% 

CAF 6. 

Insertion of s(1p) atoms into methyl C-H bonds of tri- 
methylethylene and tetramethylethylene was observed and compared 
to existing data for propylene, cis and trans-2-butenes and 
isobutylene. The series of methylated ethylenes showed that the 
rate of insertion per C-H bond was essentially constant for all 
members of the series. This indicated that the reactivity of 
s(1p) atoms towards the double bond is essentially unaffected by 
the degree of substitution on the double bond. This is in 
contrast to the electrophilic behavior exhibited by s(>p) atoms. 

The COS-vinyl chloride system yielded episulfide as the 
major product (85% of the total volatile products) and a chloro 
mercaptan believed to be 2-chlorovinyl mercaptan (15%). Consid- 
erable polymerisation was observed in this system. Relative rate 
studies showed that vinyl chloride is 1.4 times more reactive than 
ethylene towards s(7p) atom addition. This is attributed to the 
lower ionisation potential for vinyl chloride compared to ethylene, 
probably resulting in a lower activation energy for the addition 
reaction. The value of 1.4 is somewhat lower than would be 
predicted on the basis of ionisation potential alone and is 
probably due to the electron-withdrawing effect of the Cl atom. 

The reaction of sulfur atoms with cis and trans-1,2- 
dichloroethenes resulted in polymerisation of the substrate with 


no volatile product formation. In the presence of a large excess 
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of CO., episulfide formation was observed from addition of s(3P) 
atoms to the double bond. Stereospecific addition of s(3p) atoms 
to these two geometric isomers was observed; cis and trans-1,2- 
dichloroethenes yielded cis-episulfide (ca. 80%) and trans- 
episulfide (ca. 90%) respectively. Stereospecific addition 
arises from an increased barrier to rotation for the initially 
formed triplet biradical. This rotational barrier is probably 
largely due to spin interaction of the unpaired electrons of the 
biradical. 

The reaction of sulfur atoms with alkyl chlorides 
resulted in C-H bond insertion only, forming vibrationally excited 
chloro mercaptans. Decomposition of the hot chloro mercaptans was 
observed; the stability of the initially-formed hot products 
increased with increasing molecular complexity of the alkyl 
chloride. Decomposition of the (> -chloro mercaptans probably 
occurred by HCl elimination resulting in formation of cyclic 
episulfides. No insertion of s(tp) atoms into C-Cl bonds was 
observed in these systems. 

Possible transition complexes for the reactions of 
sulfur atoms were proposed. While insertion into alkenyl C-H 
bonds probably occurs from direct reaction with the C-H bond via 
a triangular transition complex, formation of vinylic mercaptans 
probably arises from isomerisation of hot singlet biradicals. 
Addition of (7p) atoms to the double bond indicate formation of 
a charge-transfer complex in the transition state, but, due to 


observed steric hindrance upon alkyl substitution, the transition 
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state probably resembles a JO -complex with formation of an 
incipient C...S bond. Addition of s(tp) to the double bond may 
result in formation of an initial singlet biradical rather than 
direct insertion into the ‘7 -bond with simultaneous formation 
of two C-S bonds. Stereospecific addition of s(1p) to the 
double bond does not require simultaneous bond formation. 

A general reaction observed for the reaction of sulfur 
atoms with acetylenes was a sulfur atom initiated polymerisation 
of the substrate. Small yields of thiophenes and benzenes were 
observed (less than 5% of the sulfur atoms consumed). The general 


features of the system are illustrated by the following reactions: 
Si-+ CH=CH ——> -S-CH = CH: 


CH-CH = CH’ 


-o-GH @ CH: CoHo =>" 5-GH 


CH-CH = CH: > ww) 


Chan CH TC 3H9) sro). = OC} or polymer. 


‘S-CH 


*S-CH 


Short-lived primary sulfur adducts of the alkynes were observed 
by the technique of flash photolysis-kinetic mass spectrometry. 
Their structures are either that of the corresponding thia- 
cyclopropenes or the thioketenes, but, due to their instabilities 
exact structural assignments could not be made. 

The reactions of sulfur atoms with perfluorobutyne-2 
resulted in a high conversion to perfluorotetramethyl thiophene 


(50% in terms of sulfur atoms consumed). 
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No insertion products were observed in the COS-alkyne 
systems due to decomposition or further reaction of the initially- 


formed products. 
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APPENDIX A 


Mass Spectral Data 


The following mass spectra were obtained on a Metropolitan- 
Vickers Model MS-2 mass spectrometer operated at 70 ev. All 
samples were transferred under vacuum into break seals after being 


removed directly from the reaction vessel or purified by gas 


chromatography. 
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MS-1:  cyclopentene-1-thiol 
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MS-2: cyclopentene-3-thiol 
+ cyclopentene-4-thiol 
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MS-4: 


cyclohexene-3-thiol 


+ cyclohexene-4-thiol 
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MS-5: cyclohexene episulfide 
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MS-6: 2,3-dimethyl-2-butene-1-thiol 
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MS-7: Tetramethylethylene episulfide 
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MS-8: Trimethylethylene episulfide 


Rel. 


Int. 


Rel 


Rel, Int. 


Rel. Int. 


wWDWW WO r™ 


AUADUUNDODAWO hd 


MS-9: Trimethylethylene mercaptans, 2 and 3 
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MS-11: Cis-1,2-dichloroethylene 
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MS-13: 2-chloro-2-methylpropane-1l-thiol 
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MS-14: 2,3-perfluorodimethyl thiophene 
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MS-15: Perfluorotetramethylythiophene 
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MS-15: Perfluorotetramethylythiophene 
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e reactions of sulfur atoms with ethylene, pro- 
pylene, 1-butene, isobutylene, 1,3-butadiene, cis- 


J big 


and frans-2-butene, and 1,1-difluoroethylene have been 


Episulfides and vinylic and alkenyl-type 


(1) (a) O. P. Strausz and H. E. Gunning, J. Am. Chem. Soc., 84, 4080 


reported.! 


(b) H. A. Wiebe, A. R. Knight, O. P. Strausz, and H. E. Gun- 


(1962); 


(c) K. S. Sidhu, E. M. Lown, O. P. Strausz, 


and H. E. Gunning, idid., 88, 254 (1966). 


ning, idid., 87, 1443 (1965): 


mercaptans are the principal products of electronically 
excited S('D)-atom reactions, while ground-state triplet 


The alkenyl-type mer- 


captans form in a random insertive reaction into the 


atoms afford only episulfides. 


C-H bonds of the olefin, while the vinylic-type mercap- 
tan formation may equally well be envisaged from 


double-bond addition, through isomerization of the 


energy-rich episulfide biradical intermediate.'™* 
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ieR E. Gunnirg and O. P. Strausz, Advan. Photochem., 4,142 
966). 


With cis- and trans-2-butene, the episulfide-forming 
reaction is stereospecific not only with S('D), but also 
with S(*P) atoms. Consequently the extent of triplet 
S-atom participation in COS-2-butene systems cannot 
be estimated from the product geometry. 

The objectives of the present investigation were two 
fold: (a) to extend our studies on the effects of substit- 
uents and structural changes in the parent olefin mole- 
cule on the nature of the reaction and its products, and 
(b) to establish the order of-reactivity of triplet- and 
singlet-state atoms as a function of structural param- 
eters for a representative series of olefins. 


Experimental Section 


The photolysis assembly and product-handling procedures were 
essentially the same as in the previous studies on S-atom reactions. 
Materials were the best available grade. Product analyses were 
carried out by gas chromatography on the low-temperature con- 
densates. 


Results 


Cyclopentene. The condensable fraction of the reac- 
tion products was found to consist of three gas chroma- 


tographically separable ccmponentsf{f-IM). According - 
to their mass spectra, shown in Cable Yj all three are 


isomers of empirical formula C;Hss. I and II were 
formed in sufficient amounts to enable identification by 
nmr spectroscopy. The major product (II) is the epi- 
sulfide. The nmr spectrum of I consisted of two sets of 


doublets centered at 7 8.39 and 8.57 and two singlets at 7 . 


<p 


4.28 and 4.34. The doublet absorptions occur in the © 


region to be expected for thiol protons, and the singlets 
are probably due to vinylic protons. Therefore I 
actually consists of two isomers and these are probably 
alkenyl mercaptans, cyclopentene-3-thiol and cyclo- 
pentene-4-thiol. Intensity considerations showed that 
the concentration ratio of the two isomers was ca. 
2:1, but it could not be determined which was present 
in the larger yield. The only structure possible for 
product III is that corresponding to cyclopentene-l- 
thiol. Its retention time corresponded to that of an 
authentic sample. ® 

(3) D.C. Sen, J. Indian Chem. Soc., 13, 268 (1936). 

The COS-cyclopentene system was examined as a 
function of cyclopentene pressure, and added CO, 
pre exposure time, and wavelength of radiation. 
Soure J shows rates of product formation as a func- 
tion of cyclopentene pressure. At pressures >200 
torr the rate is constant and R(mercaptan)/R(episulfide), 
(R(M)/R(E)), has a limiting value of 0.80. At the 
highest pressure used (300 torr) R(CO) is nearly equal to 
RCO)/2. With increasing exposure time, the onset 
of secondary reactions and the attenuation of incident 
light intensity due to polymer deposition result in a 
decrease in the rate, but R(M)/R(E) remains approxi- 
mately constant. 


~- 


a W y poe bel}. ja viii Vv ‘ga yi] “> t} "I9 anviaaido's \ 


Aes " fo rm J T WiTHS el inte ies 


' Jets Wewerte reste y rink loi -B-ongstnog - 


_ soobnantt ‘Won 


tk ey 75 ehaene: 


ieee) | 


i he 4 a 
£ _ompinoton.. peer 


rs 5 ‘ 

gninnol sbitive igo ols oerstad Sn ow Liar At 
oele lug AC dlivt yinn jon oii o9nHOS 7 sed 
rsiqit we Heirs off \icupseng?  .aitote is 
tories emnsieve qaanait-2 — TL nolan ’ 
wanes tube vy oeky ercervt dyake 


dur To sasiie i io avibule whe brsidorol uy ‘biel 
en allah ' mo 45 av wis ban dino 
hie ,<Pauhaiy 2 oitouey om ieee 2 ait noi ohy 
ialatit To vie vows 10 4 1 deine 0 se 
i Lotion .. a pein inet ans 

oO eorse 3¥4 susenntyaya til erst Ay 


1wlI998 intwarmbag ea 
lcsinn Balada 4a 


; Sabie a 1 eew earn - 
ote ah a rsTgQlannensity my Gt 190 beiveie 
pesca 
A= aifueon 
~e9 . a nate seat anteaqoly rae) 
BS e otal tn enos Of bawot esw wouborg aoll 
grvit? Teejnoog eras slfeveqgsa elleaiiqaigad | E 
; Stea.D i oda etiosg2 eta tied? OF ” 7 
“ww i t . i; ' 1 Is writs eo mone ae aay 
moth: i o} ateworts Jngipities nt boil rt 
= ity 3 } i: IT .4qosesiiosyt init. 
‘to ayo i 1 0 mertiesg inn cbs “pale 
pine 2.8 Ore | 4 Ja boven s>atsidueb ea 
sia diy sohdiiob ofl arty brie 8545 
etesbuen ig | oir? vl bateeqas od og noigey © = 
] | wy Svar oO sub vidudorq B16. 
iehuiel at ctl DO erated OM D azeiencia vlaedode 


logo anmiqnasar iy iis 


i) 2hw Pot oy? onli ps wites neisatingonos ot 
oq saw tio: nirstgh gd te 8 bivoo i tod 428%? 
i ua sit lei bs 1 oa 

- | aoritady eiOH ' geri oeyaers sang et. ti icra 


nel) Te » buinhoqeavin sent fn Anois | A OAE 


na al 
ar * algenas sitegenue ae 


‘ ¢ wel « we Tt he a mt J 
 arbonitess: cow mavtye gosinaqeleee ae 
OD Dotha.'bon ose oT «6 sro aby 2 o } = 
t e 


yey: 10. AID svaw : brie oa "i ST0ROQsy 
“0 & =e GOK Joubow Yoogstns zwodle 
DOL seeerig tA . -osudegig,’ sndbrare o 
fopt ah AM erg wotort A Lith airetengo ei sie 
2 TA GY Yo sulev givin a antt- ( a A\(? 
Oo) laud cireen  LOO)A (yt he 
wana sah pomcute gine 
wag wuld | bite 409 
fi ter neiteoged raenylog 8 
nS a 


Table I. Mass Spectra of Products from the Reactions of Sulfur Atoms with Cyclopentene, Cyclohexgine, 2P/ 
Trimethylethylene, Tetramethylethylene, Vinyl Chloride, and trans-1,2-Dichloroethylene* 


Cyclo- Cyclo- Tetra- Tetra- trans-1,2- 
Cyclo- pentene- Cyclo- hexene- Cyclo-: Trimethyl- methyl- methyl- Vinyl Dichloro- 

pentene- 3-thiol +  pentene 3-thiol + hexene ethylene ethylene ethylene chloride ethylene 

M/e i-thiol -4-thiol episulfide -4-thiol episulfide pisulfide mercaptan  episulfide episulfide episulfide 


26 : 10.6 11.4 8.9 
27 6.9 35 8.6 - 47.8 36.6 335 20% 21.6 j Fe} 16.1 

28 14.4 53.9 . 

29 18.2 19.0 © 41.2 11.6 

31 16.0 47.2 

a5 19.2 

34 47.5 

39 * 18. Oae 30.8 28.8 1053 am 645.5 /a 45.0 65.5 35.4 

40° &|,7? 8.5 ela 12.8 12.9 , 

415 218.8 ne) ee 30.4.° 13eo 60.5. 100.0 37.60 88.5 

42° 28.7 14.2 19.5 

43 PHILS. 54.1 21.8 

Asa tt3 14:7@ 14.2 .. 26.6 16230er 35° 5 31.1 100.0 100.0 
47 13.0 6:8 39.4 13.5 14.6 7.2 8.0 
49 ° ; Tee) 
50 eo BABY 10.6 

51 20.2 13.5 

Some 20.2 24.4 29.0 17.4 

54 ‘ igo 84.7 

hE 5.3 Zine 12°98 Kh) 43.6 26.8 

56 wn 12.8 

57a 15.1 2ieZ 16.1 24.1 
58 i 1032 45.6 jZ= 
59 2) 26.2 58.3 100.0 56.7» 

60 .- 12.9 25.0 13.7 Ss 

Bes ; 17.8 10.1 bets! 7.8 
62 ~ 5.8 

65 ‘: 15.3—, 29.7 18.4 11.7 10.8 

66 * 35.8 39.7 29.6 

67 ° 100.0 100.0 100.0 100.0 100.0 11.6 31.8 12.9 

Gh ae 10,24) 6.0 - 9:35 

69: 45.0 100.0 27.6 

10 : 13.6 

1 3cmee 13.8 Bl 8) 

14. 70.5 Zino 76.3 

hail 2iez 1275 18.5 

79 = 39.4 18.7 12.6 
80 22.4 26.4 

81 : EL 43.1 

82s : Sine 37.0 

83 . 16.5 1207 

84 : "i 44.2 11.6 

85 6.9 Pe:5;, 4ewsaee 1539 3 12.0 

87 17.6 :. 

92 o Tal 
93 } ; ; Jie 
94 _ 62.9 

95 . ; ZS 
96 22.8 

97 13.4 

100 10.6 8.1 Zhe oueee ; 

102 titles , 

111 92:9. ee 

114 17.0 21.8 h 

116 : 11.0 43.2 

128 36.5 
130 2525 


« The spectra were obtained on a Metropolitan-Vickers Model MS-2 spectrometer at 70 ev. 


The effect of added CO, on a reaction mixture con- 
sisting of 100 torr of COS and 51 torr of cyclopentene 
is shown in igure Z> R(M)/R(E) decreases from an 
initial value eee in the presence of 1250 torr 
of CO». Product recoveries, in terms of R(CO)-R°- 
(CO)/2 were independent of CO, pressure, indicating 
efficient stabilization of the ‘initially formed “hot” 
episulfide even at low pressures. 


ai wid 
Aol eae 


7. 


The effect of wavelength of the exciting radiation 
was examined using a mixture consisting of 100 torr 
of COS and 250 torr of cyclopentene. The effective 
radiation of a medium-pressure mercury arc in the 
photolysis of COS is 2490 A; under these conditions 


R(M)/R(E) = 0.8. Using the 2288-A resonance line: 


from acadmium lamp, the ratio becomes 0.9. 

Cyclohexene. The sulfur-containing products were 
resolved by gc into two peaks (I and II). II was identi- 
fied as the episulfide by comparison of the nmr and mass 
spectra with those of an authentic sample. The nmr 
spectrunt of I indicatcithat two isomeric alkenyl mer- 
captans were present ‘in approximately equal propor- 
tions; they are probably cyclohexene-4-thiol and cyclo- 
hexene-3-thiol. At 2490 A, R(M)/R(E) = 0.8 for a 
mixture consisting of 100 torr of COS and 76 torr of 
cyclohexene. The extrapolated value in the complete 
pressure stabilization region is ca. 1.0. The addition of 
CO, also suppresses mercaptan formation and enhances 
the episulfide yields. 

Perfluorocyclobutene. Photolysis of COS—perflucro- 
cyclobutene mixtures at 2288 A yielded CO, and a sclid 
deposited on the walls of the reaction vessel. Oxida- 
tion of the solid gave SO; and smaller amounts of CO; 
indicating a slow reaction between S atoms and per- 
fluorocyclobutene. The perfluorocyclobutene episul- 
fide product could indeed be detected in flash photolysis 
(400 uw of COS and 800 u of cyclo-C,F¢) by kinetic mass 
spectrometry.‘ It appears to be unstable at room 

(4) W. J. R. Tyerman, W. B. O'Callaghan, P. Kebarle, O. P. Strausz, 
and H. E. Gunning. J. Am. Chem. Soc., 88, 4277 (1966); W. K. Da- 
_ holke, R. Messmer, P. Kebarle, O. P. Strausz, and H. E. Gunning, to 

be published. 
temperature, undergoing decomposition with a_half- 


life of the order of minutes. 


The rate of CO formation in the static experim 
decreases with increasing pressure of cyclo-C,F, (Kigure 


) and approaches R°(CO)/2 for a mixture consisting 
-of 100 torr of COS and over 1000 torr of cyclo-CyF¢. 

When cyclo-C,F, was added in increasing amounts 
to a mixture of 100 torr of COS and 75 torr of cyclo- 
pentene, no suppression of the cyclopentene reaction 
resulted up to 500 torr of cyclo-C,F, (Figure 3b) al- 
though the ratio of mercaptan to episulfide was di- 
minished considerably. 

From comparison of the data in Figures 1-3 it is. 
concluded that the reactivity of cyclo-C,F, with S atoms 
is less than one-tenth of that of cyclopentene, but 
cyclo-C,F, and CO, are about equally efficient in pro- 
moting the electronic relaxation of S('D) atoms 


SCD) + cyclo-C,Fs —> S(*P) + cyclo-C.Fe (la) 


Trimethylethylene. In low-conversion runs, four gas 
chromatographically separable sulfur-containing prod- 
ucts were formed. All of them were isomers with 
molecular weight 102 (C;HioS). Upon addition of CO, 
to the system, one was formed in increasing amounts, 
at the expense of the other three, and therefore it has 
been identified as the episulfide. The remaining ones 
are probably isomeric alkenyl mercaptans. In a mix- 
ture consisting of 100 torr of COS and 300 torr of tri- 
methylethylene, R(M)/R(E) was found to be 0.73 at 
2490 A, 
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Tetramethylethylene. A ge analysis of the conden- 
sable fraction showed two reaction products; both had 
molecular weights of 116 (CsHw2S). Identification of 
one of them as the episulfide was made in a manner 
similar to that used for trimethylethylene. Tetra- 
methylethylene episulfide is an unstable compound and 
decomposes readily (on the gc column) to yield tetra- 
methylethylene and sulfur. In a mixture of 100 torr 
of COS and 125 torr of tetramethylethylene, R(M)/ 
R(E) was 0.73 at 2490 A. 

Vinyl Chloride. The COS-vinyl chloride system 
yielded two products. Both had molecular weights of 
94 (C,H;CIS). One was identified by nmr _ spectros- 
copy as the episulfide. The nmr spectrum of the 
other was consistent with a chlorovinyl mercaptan 
structure, but insufficient amounts were formed to 
determine whether it is the cis or trans isomer, or a 
mixture of both. The effect of increasing pressure of 
vinyl chloride on the rates at a constant pressure of COS 
(100 torr) is shown in Figure 4; photolyses were per- 
formed at 2288 A. The general features of the reactien 
are consistent with those observed in other COS-olefin 
systems, except that at the highest pressure used (772 
torr), R(CO)-is slightly less than RCO)/2; this is 
probably due to competitive absorption by vinyl chlo- 
tide. R(M)/R(E) is also pressure dependent and 
reaches a limiting value of 0,19 at 600 torr of vinyl chlo- 
ride. 

trans-1,2-Dichloroethene. Photolysis of COS-trans- 
1,2-dichloroethene mixtures using the 2490 A source 
at moderate total pressures resulted in the formation of 
CO and a dark brown polymeric deposit. No volatile 
sulfur-containing products were found. In flash pho- 
tolysis, however, the addition preduct with empirical 


_ formula of C;H2Cl.S could be detected by kinetic mass 


spectrometry, in relatively large yields. Therefore the 
static experiments were repeated with an excess of added 
CO., under which conditions a condensable preduct 
was isolated and resolved by ge into two components. 
Both compounds were shown by mass spectral analysis 
to correspond to the formula C,H:2CI,S. Since epi- 
sulfides are the only major products arising from the 
photolysis of COS—CO,-olefin systems, they can only be 
geometrical isomers of the episulfide of 1,2-dichloro- 
ethene. By analogy with the results obtained in the 
COS-CO,-cis-1,2-dichloroethene (vide infra) and the- 
COS-CO,-2-butene systems,!* the srans-episulfide repre- 
sented ca. 90% of the total products (as compared to + 
98% in the COS—CO,-trans-2-butene system"), Prod- 
uct yields, calculated in terms of R(CO)—R(CO/2), 
increased with CO; pressure up to ca. 80%. 

cis-1,2-Dichloroethene. Condensable products were 
not observed unless a large excess of CO» was present. 
Experiments were performed using the Hg-arc source. 
Two products were formed, which eluted on the ge 
column at the same time as those formed in the COS- 
CO,.-trans-1,2-dichloroethene system, and by similar 
reasoning the component, which represented 80% of the 
total, was taken to be the cis and the other the frans 
isomer. Product yields were ca. 10-20% at high pres- 
sures of CO.. 
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Relative Rates of Addition of S(*P), Atoms. Relative 
rates were determined in competitive systems where 
olefin pairs were chosen such that they could be re- 
covered from the reaction mixture by low-temperature 
distillation. All experiments were done with the Hg- 
arc source. Total olefin pressures did not exceed 60 
torr; COS and CQ, pressures were ca. 30 and 1250 
torr, respectively. Under these conditions mercaptans 
were formed in trace quantities only. Rates for forma- 
tion of episulfides were determined as a function of ex- 
posure time. Yields, calculated in terms of R°(CO)- 
R(CO), were in the range of 80-90°% except in the case 
of C; olefins where they were ca. 60%. At least six 
runs were performed for each olefin pair at various 
exposure times. The results obtained for ethylene, 
propylene, l-butene, isobutylene, frans-2-butene, cis-2- 
butene, 1-pentene, 2-methyl-l-bute cyclopentene, 
and vinyl chloride are given irXTable II. ) Although the 
conversions were kept as short-as’ possible, secondary 
decompositions could not be entirely prevented; this 
is evidenced by the smal] positive intercept shown by the 
representative plot in roe “=e me the least-mean- 
squares calculation of th stants, the origin 
was weighted twice to give a zero intercept (broken line, 
Figure 5). The error in the analytical data is believed 
not to exceed + 10%. 


Table II. Relative Rate Data for the Addition of S(?P) Atoms to 
Olefins 


-—— Pressure, torr —— ye 
Olefin pair Olefin COS CO, k/k:* yield? 
(1) Ethylene 32.5 32.5 1256 6.9 85 
(2) Propylene (UES) ; 
(1) Propylene 26.0 30.0 1262 
(2) Isobutylene 19.0 72,9486 
(1) Propylene (J) 25.5 SN Gy idee 
(11)44.7 32.2 .1244 (1)3.4 75 
(2) trans-2-Butene (I) 18.0 sul sy IPRA LUUOPE RE wel 
(1117.0 32.2 1244 
(1) trans-2-Butene oR ee 33.0 1317 
0.48 83 
(2) 1-Butene 24.4 
(1) Propylene’. A4 Jamel oe 1231 
(2) cis-2-Butene 23.0 253 eee Od) 
(1) cis-2-Butene 67.0 32,0 e207. ; 
(2) 2-Methyl-1-butene 8.20 ahep Rs 
(1) 1-Pentene 64.0 31.5 1250 : 
(2) 2-Methyl-i-butene 10.7 5,9) 03 
(1) 1-Pentene 23.0 - 
(2) Cyclopentene 24.0 31,5: 1250 Lei o4 
(1) Vinyl chloride _ 150 100 1190 
(2) Propylene 30 4.8 77 


* ko/ky = k(S + olefin (2))/k(S + olefin (1)). . Average yields, 
on the basis of R(CO) — R(CO). : 


The measured values of relative rate constants are 
tabulated in Table III in comparison with the corre- 
sponding literature data for oxygen and selenium atom 
reactions, . 
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Table III.. Relative Rates of Addition of S(?P), O(?P), and Se(?P) 
Atoms to Olefins. 

Olefin O(P)2 ° Se(?P)? S(*P) 
Ethylene 1.00 1.00 1.00 
Propylene ah) 2.6 6.9 
trans-Butene-2 28.3 56 20 
cis-Butene-2 23.8 23.9 16 
1-Butene Sa aha! 10 
Isobutylene 25.0 44.7 50 
Pentene-1 i 0 10 
2-methyl-butene-1 Sar afore 56 
Cyclopentene 29.8 ar 18 
Vinyl chloride F 1.3 1.4 


* Reference 6. * Reference 11. 


Relative Rates of Addition of S(LD) Atoms. Relative 
rates of addition were determined for ¢ Ne, propyl- 
ene, and isobutylene. Product disty/butions and ratios, 
as measured by gc, are reported in 
five experiments were performed at Var} 


“4 


enversions, 


and since secondary decompositions were negligible 
the table lists average values, reproducible to + 10%. 


Table IV. Addition of S(’D) Atoms to Ethylene, Propylene, and 


Isobutylene. 


——— Rates, umole/ —— Episulfide Total 
umole of CO ratio product 
Olefins Mercaptan __ Episulfide (2)/C) ratio 
(1) C.H4 0.164% 0.147% 
2.93 tere 
(2) C:H6* 0.103% 0.431% 
(1) C,He° 0.0944 0.1614 
a be] 2.02 
(2) i-CyHs° 0.1054 0.4114 
« P(COS) = 91, P(C.H,) = P(C3He) = 151 torr. ° Average of: 
five experiments; CO = 3-4 umoles. ¢ P(?COSJ= 77, P(C3Hs) = 
P(i-C,Hs) = 130 torr. 4 Average of six experiments; CO = 3-6, 
pumoles. 


Product Distributions in Competitive Systems 


The propylene-isobutylene rate constant ratio was, 
also examined for a 1:1 mixture at a total olefin pres- 


sure of 3.06 torr; 


tions gave k(S + i-CyHs)/AK(S + C3He) = 
0.08, and therefore the rate,constant ratio seems to be 
independent of total olefin pressure. 


Discussion 


two mass spectrometric determina- 
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The general kinetic features of the olefins examined 
here are very similar to those found earlier for the lower 


molecular weight compounds. 


The three principal 


products are episulfide and alkenyl- and vinylic-type, 


mercaptans. 


The relative mercaptan yield is pressure 


dependent and exhibits a rising trend with increasing 
olefin pressures up to several hundred torr and a de- 
creasing trend with added CO, pressure. 

With cyclopentene (Figure 1) the alkenyl ferekptans. 
cyclopentene-3-thiol and cyclopentene-4-thiol, account 
for about 44% of the total product yield. The pro- 
portion of these mercaptans was 2:1, and they probably 
arise from statistical insertion at the 3 and 4 positions, 
respectively. Small yields of the vinylic mercaptan, 
cyclopentene-I-thiol, up to ca. 5% of the total, were 
also found, which is the first instance that a nonterminal 


ae: 


(i? dee 790 Ae te no 
A — ———s 
iy Ue of 6 
- ane gem ; - i A 
¢ - at | 
eA uf 
1K ot 
_ ‘el -, *e 
ve L 
a? - 
b©.- 
ie 
; db. "yp 253 a ivi, 
» =; : (198 nods CA 16 ein ; 
wet iaee | i onus os ont ny pooUR 
tah \ 7 Hewat: TV eon Ft vaveaon “é - =e _— 
sibesiets tr ater og ew eiaemhseresva - nen 
whose Doeild one - : 
m rggetove gli wide) st} Ms 
- a p ia 
a ; 7 a 
‘wy. nollibbA: . Vedat re 
: siya! Raghov onslytadogi- ioe 
* ‘ 7 7 
— s mat} 
— i 
oH 1 
egies sj 
Ft) (SP P 
} FED (1) - 
i ’ i, +4 (ft) 
Ls 0 = GOIN 
ae er) .ateoworwrwey wa 


o ava fe OL Goat 
: mtoictel ‘ 


> 


Lntioa~ocralyg 74 +a 7 

uta $21 8 Wi deniers ora 

ww: ii oul sash? 00.2 Ye a 

rey Pie: (yan JOS - €PA gag an 7 


T Pe dopo sir ofl Gear bee, 
rq teal bested Tt inobren oh 


nein 3 tee Ra a 

Pe a ck) Beery a a talons yin HON 

ee gh Oly hither SRS aT? ait 
Ait Alea | Siti & sHoaties i" 7 

ec Voip SHOP Diba! Nae en 


f , A 
Pilea “ar 
b . a : Aaat ts i 
=" nia ea vt 


atic indie Sao arth et weg aryen 

th HOw _yhi » &-srmTH nT 

- wow” Aa ove) Hore 
“ ed the ny Fi PAD lta vi 
1 Hartree tiie € it ' 

peter em wi “AT ci 

HW tit ¢ att Tepe a 


ab Hn od Fon : Wan 


(ni Dae 


vinylic mercaptan from the reaction of S('D) atoms 
with an olefin could be detected. The tautomeric 
equilibrium between the 1-thiol and thioketone pro- 
ceeds spontaneously at room temperature, but it jis 
strongly shifted (ca. 80%) to the thiol side.’ 

Product recoveries varied with experimental condi- 
tions, and the optimum values were 77% for the Hg 
arc and 60% for the Cd-lamp experiments. The loss 
was probably due to some polymerization process or 
cracking reactions. It has been shown elsewhere® 

(5) A. R. Knight, O. P. Strausz, 8, M. Malm, and H. E. Gunning, J. 
Am. Chem. Soc., 86, 4243 (1964), 
that the photolysis of COS at 2288 A produces transla- 
tionally “hot” S('D) atoms; under these conditions, the 
rate of insertion, relative to abstraction, increases, and 
collisional stabilization of the vibrationally excited 
products is less efficient. This explains the higher 
R(M)/R(E) values and lower product yields in: the 
shorter wavelength photolysis. In the reaction of O(*P) 
atoms with cyclopentene, one of the major products is 
ethylene (27%) formed in a pressure-independent frag- 
mentation. The exothermicity resulting from: the 

(6) R. J. Cvetanovic, J. Chem. Phys., 30, 19 (1959). 

-addition of S('D) and O('P) atomis is nearly equal, but 
we found no direct evidence for a similar cracking 
with sulfur. 

The effect of CO, on the reaction (Figure 2) is ex- 
, plained in terms of electronic relaxation of the excited 


S('D) atoms to the ground state. 
SCD) + CO, —> S(*P) + CO, * (1b) 


It has been shown!”” that mercaptans arise solely from 
(7) A. R. Knight, O. P. Strausz, and H. E. Gunning, J. Am: Chem. 
. Soc., 85, 1207, 2349 (1963). 
; S('D) atom percursors, whereas episulfides are formed 
‘ from S(*P) and/or S('D) atoms. If we take the relative 
- yield cf mercaptan as a measure of the S('D) atom con- 
centration in the system, at 1250 torr of added CO, 
more than 90% of the S('D) atoms are quenched. 
The CO yield is also slightly retarded by CO,. It is 
known from previous studies®® that the rate constant 
(8) K. S. Sidhu, I. G. Csizmadia, O. P. Strausz, and H. E. Gunning, 


. ibid., 88, 2412 (1966). 
(9) B. O'Callaghan, O. P. Strausz, and H. E. Gunning, to be pub- 


« lished. } 
ratio k(S + olefin)/A(S + COS) is at least 30 times larger 
for triplet than singlet S atoms. Consequently, con- 
version of S('D) to S(#P) will diminish the significance 
of the abstraction step 


Sees oe 6 eo (2) 


with a concomittant decrease in R(CO) to the Jimiting 
value, R°(CO)/2: This should be accompanied by an 
increase in episulfide yields such that R(episulfide)/ 
. R(CO) = 1, which, however, never obtains. This 
: deficiency, in agreement with earlier observations, '!> 
suggests that the hot episulfides even from triplet atom 
addition undergo polymerization reactions with olefins 
very readily, and that the abstraction of sulfur by S 
- atoms to form §S, and olefin is fairly rapid. 
From the few experiments carried out with cyclohex- 
- ene, it appears that this olefin behaves similarly to cyclo- 
pentene with the exception that, owing to the larger | 
number of CHz groups in the molecule, the relative ° 
mercaptan yield is somewhat higher than in cyclopen- 


bene. 
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The behavior of cyclo-C,F; is, interesting in that it 
reveals a drastic decrease in w-bond reactivity caused by 
the strong electron-withdrawing power of fluorine 
atoms and thereby provides additional evidence for the 
electrophilic nature of sulfur atom attacks (vide infra) 
on olefinic + bonds. Furthermore, the stability of 
cyclo-C,F, episulfide is low, and its probable mode of: 
decay is the bimolecular. reactions, 


2cyclo-CyF.S —> 2cyclo-CyF5 =: S: (3), 


The reactions of sulfur atoms with mono- and di- 
methylsubstituted ethylenes have been reported 
earlier.* In order to complete the series we have 
examined the reaction with tri- and tetramethylethyl- 
ene. The mercaptan yields in these reactions were 42 
and 50% (in the pressure stabilization region), respec-. 
tively. Thus with progressive methyl substitution in 
ethylene the yield of the methyl insertion product rises. 
gradually from 20 to 50% of the total. Since the rate. 
of S(!D) insertion per C-H bond should not be greatly. 
dependent on the number of methyl groups in the mole- 
cule, the relative reactivity of the 7 bonds {n the series. 
can be estimated. This turns out to be approximately 
constant. On the other hand, the relative rate measure- 
ments for ethylene, propylene, and isobutylene (Table 
IV) indicates a moderate increase in r-bond reactivity 
with increasing methy] substitution in the molecule. 
The apparent contradiction can be resolved by invoking 
a Steric effect exerted by the methyl groups on the 


C 
incipient Bs bond. The problem will be discussed 
C 


further below. 

The reaction with vinyl chloride leads to the forma-. 
tion of episulfide and smaller amounts of 1-chloro- 
ethene-2-thiol. It is seen from the pressure study: 
(Figure 4) that the kinetics of this system again follows 
the established trend. Product recoveries were some- 
what lower, up to 46 %, thgn with other olefins. 

The major reactions of S('D) atoms with 1,2-dichloro- 
ethenes leads to polymerization. Thermalized S(*P) 
atoms add stereospecifically to the double bond to 
yield predominantly cis or trans episulfides from cis- 
or trans-1,2-dichloroethene, respectively, proving the 
generality of the stereospecific nature of triplet S-atom 
additions. 

The products obtained from the tetramethyl- and 
chloroethylene reactions have not been described pre- 
viously in the literature; this ig probably their first 
reported synthesis. 

In the relative rate studies (Table III), triplet sulfur * 
atoms were obtained by the collisonal relaxation of 
excited singlet atoms. In a concurrent study$ triplet 
atoms were produced directly by the Hg(*P;) photo- 
sensitization of COS, and rate constants were measured 
for ethylene, propylene, and isobutylene additign. 
The values obtained, 1:6,8:56, respectively, are in good 
agreement with the present determination. 

A comparison of relative rates of sulfur atom addition 
to these reported by Cvetanovic, et al., for oxygen,!® and 

(10) R. J. Cvetanovic, Advan. Photochem., 1, 115 (1963). 
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(11) A. B. Eallear and W. J. R. Tyerman, Proc. Chem. Soc., 296 
(1964); private communications. 


pressive correlation between the chemical reactivity of 
the oxygen group elements. All three species exhibit a 
clear electrophilic tendency, first shown by Cvetanovic 
for oxygen, in that the reactivity of the ground-state 
atoms increases with increasing electron-donating power 
of the olefin molecule. 

In spite of the broad agreement some dissimilarity is 
also apparent in the fine details. The entropy factor 
of the oxygen addition is invariant with olefin structure, 
and the variation in rates is due entirely to activation 
energy effects. For selenium, the entropy factor 
changes, but with no obvious trend, and for sulfur a 
definite trend appears. This is evident from the 2- 
butene data. Substitution of a methyl group in ethyl- 
ene causes a sevenfold rate increase. A second methyl 
on tlye same carbon causes a further sevenfoladrise, but 
on the neighboring carbon only a ca. threefold inrease. 
This is in spite of the fact that the ionization potentials, 
localization, and excitation energies, which largely de- 
termine the magnitude of the activation energy of the 
process, are nearly identical for the three isomeric <# 
butenes. Similar trends have been observed for 
monovalent electrophilic radical additions and at- 
tributed to the steric hindrance of the methyl greups. 
A compilation of the relevant data is given in 
in all cases isobutylene is the most reactive and Ya 
butene is only slightly more reactive than the cis isomer. 


Table V. Relative Rates of Addition of H Atoms, Br Atoms, and 
CH; and CF; Radicals to Olefins 


Olefin He Br’ CH;° CF,;4 
C,H, 1.0 1.0 1.0 1.0 
C3He Led 18 153 1.2 
1-C,Hs dehe 23 1.6 ae 
i-C4Hg aAe5 384 al 3.7 
cis-C4Hs 0.9 95 0.08 0.86 
trans-C,Hs fast 99 0.15 1.0 


7K. Yang, J. Am. Chem. Soc., 84, 3795 (1962). °&I. Abell, 
Trans. Faraday Soc., 60, 2214 (1964). © G. E. Owens, Jr., J. M. 
Pearson, and M. Szwarc, ibid., 61, 1722 (1965). ¢A. P. Stefani, L. 
Herk, and M. Szwarc, J. Am. Chem. Soc., 83, 4732 (1961). 


The data on the relative rates of S(‘D) atom additions 
(Table IV) is valuable in spite of its limited range because 
of the scarcity of information on the relative reactivity 
of atoms in their different electronic levels. In the com- 
petitive systems involving S('D) atoms, the evaluation 
of rate constants is complicated by the possibility of 
singlet — triplet deactivation. The following reaction 
scheme is:considered 


- SCD) +-Ol4Ol) —> M,(M2) (4) 
—> EP\(EP:) - (5) 

—> S(*P) + Ol(Ol-) (6) 

“ SCP) + Ol(Ol) —> EP,(EPs2) (7) 


where Ol}, and Ol; are the two olefins and My, Me and 
EP,, EP; are the respective mercaptans and episulfides. 
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If episulfides are formed only from the addition of 
triplet atoms, then the observed episulfide ratio should. 
correspond to that obtained for S(°P) atom addition, 
The data in Tables III and IV show that this is not the 
case, and therefore the episulfide-forming step must 
involve the participation of S('D) atoms. 

It is also clear that S('D) atoms are less selective 
than (*P) atoms. Upper limits for the relative rate 
constants are 1, 2.9, and 7.5 for ethylene, propylene, and 
isobutylene, respectively. The relative importance of 
S('D) addition cannot be evaluated from the present 
study. It is estimated that 70% or more of the epi- 
sulfides are formed from singlet atoms. The data can ~ 
best be rationalized by assuming that the same factors 
influence the rates of addition of both species; that is, 
the rate increases with increasing alkyl substitution in 
the olefin. A lowering in the activation energy and the 
consequent decrease in selectivity for the excited-atom 
reaction is not surprising, since the intersection of the 
corresponding potential energy surfaces in this case — 
occurs at 26 kcal/mole higher energy and equivalently 
longer intermolecular separation. Assuming similar 
contours for the repulsive potentials, this results in 
lowering the energy separation of the point of intersec- 
tion from that of the separated olefin + S-atom surface, 
which determines the magnitude of the activation energy 
barrier. 

In intermolecular competing reactions, the a-bond 
reactivity increases in the order ethylene < propylene 
< isobutylene, whereas the intramolecular competition 
between mercaptan and episulfide formation suggests 
that the w-bond reactivity in the series propylene, 2- 
butene, trimethylethylene, and tetramethylethylene (vide 
supra) is the same. The discrepancy can be resolved 
if it is assumed that in the a,8-methylated ethylenes the 
methyl groups exert a steric hindrance, compensating 
for the increased reactivity of the bond. Thus the 
interpretation of both S(°P) and S(‘D) atom reactivity 
makes it necessary to invoke steric hindrances in methyl- 
ated ethylenes. 
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Figure 1. Addition of sulfur atoms to cyclopentene. Rates of 

product formation as a function of cyclopentene pressure: O, CO; 

V, cyclopentene episulfide; ©, cyclopentene-3-thiol + cyclopentene- 

4-thiol; @, cyclopentene-I-thiol, 
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Figure 2. Addition of sulfur atoms to cyclopentene. Rates of 


product formation as a function of CO, pressure: O, CO; V cyclo- j 
pentene-3-thiol + cyclopentene-4-thiol; 0, cyclopentene episulfide. 
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Figure 3. (a) Rates of product formation as a function of perfluoro- 
cyclobutene pressure (P(COS) = 100 torr): ©, CO (upper scale). 
(b) Addition of sulfur atoms to cyclopentene. Rates of product 
formation as a function of perfluorocyclobutene pressure (lower 
scale) (P(COS) = 100 torr, P(cyclo-C;Hio) = 75 torr): O, CO; 
O, cyclopentene episulfide; V, cyclopentene-3-thiol + cyclopentene- 


4-thiol. 
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Figure 4. Addition of sulfur atoms to vinyl chloride. Rates of 
product formation as a function of vinyt chloride pressure: ©, CO; 
O, vinyl chloride episulfide; . V, 1-chioroethene-2-thiol. 
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“Figure 5. (a) Addition of S(#P) atoms to propylene and frans-2- 
* butene. Sulfide vs. CO yields for [C3Ho]/[CyHs] = 1.42 (P(CO.) = 
1223, P(COS) = 31.5, P(CsHe) = 25.5, P(trans-2-C,Hs) = 18.0 
‘totr): ©, propylene sulfide; ©, cis- + trams-2-butene sulfide X 
1.42:. (b) Addition of S(#P) atoms to propylene and trans-2-butene. 
Sulfide vs. CO yields for [C3H¢]/[Ca4Hs] = 2.63 (P(CO:). = 1244, 
P(COS) = 32.2, -P(CsHs)' = 44.7, P(trans-2-C,Hs) =.17 torr): ©, 
:.»*-propylene sulfide; , cis- + trans-2-butene sulfide X 2.63. 
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